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Introduction

Polyvinylidene fluoride (PVDF)

lonically conducting inorganic binders: a paradigm
shift in electrochemical energy storaget

Shivam Trivedi, (2 12 Venkat Pamidi,1® Maximilian Fichtner €2 and
M. Anji Reddy 2 *<

Among the key components in batteries, binders play a vital role by interconnecting active materials and
conductive additives and facilitating the coating of electrode materials on the desired substrates thus
enabling the flexible fabrication of batteries. Further, they aid in buffering volume changes that arise in
electrode materials and enhance their cycling stability. Presently, polyvinylidene fluoride-based binders
are employed widely, despite their high cost, non-eco-friendliness, and energy inefficiency. Several water
processable binders have been investigated as alternatives, but they suffer from various intrinsic issues.
Here, we reveal the potential of several ionically conducting inorganic binders (ICIBs). These ICIBs are not
only ionically conducting, but also water processable, chemically compatible, eco-friendly, low-cost,
thermally stable (>1000 °C), emission-free, and importantly, safe to use. These inorganic binders outper-
formed standard polyvinylidene fluoride-based binders in several aspects. Surprisingly, ICIBs are absorbing
the exothermic heat evolved by charged cathode materials at high temperatures, which will significantly
enhance the safety of the batteries. The unique intrinsic ionic conductive properties combined with
binding abilities enabled the flexible processing and functioning of solid-state batteries, otherwise chal-
lenging due to the mechanical rigidity, chemical incompatibility, and interfacial issues posed by solid elec-
trolytes. The inorganic binders introduced here will make battery manufacturing and recycling more
energy-efficient, eco-friendly, flexible, safe, and above all, cost-effective.

burn off for its removal, which is not environmentally benign,
contaminates final waste streams, and decreases the value of

and its derivatives are products.” Several eco-friendly and water processable binders

employed as binders in the construction of state-of-the-art
lithium-ion batteries (LIBs). It has excellent binding character-
istics, high chemical and electrochemical stability, good
mechanical properties, and is compatible with a wide range of
electrode materials." However, PVDF is relatively expensive and
produces  hazardous HF and fluorocarbons upon
decomposition.>® Further, PVDF-based binders demand
N-methyl pyrrolidone (NMP) for slurry formation and proces-
sing. NMP is a toxic,”” high boiling solvent, and high tempera-
ture, and thereby, high energy is necessary to remove the NMP
from coating.® Further, in the recycling of LIBs, PVDF has to
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have been reported as alternatives to PVDF; among them,
sodium carboxymethyl cellulose (NaCMC), sodium polyacrylate
(NaPAA), and sodium alginate (NaALG) are in wide use.®™°
NaCMC is used in commercial applications as a binder for
graphite.’"? It is aqueous processable and eco-friendly, but it
has low thermal stability and produces gaseous species during
decomposition (Fig. S17).

Beyond binding properties, ionic conductivity (IC) within
the binder is mandatory to shuttle ions between electrolyte
and electrode particles.”®'* Ionic conductivity in binders is
currently induced by injecting liquid electrolytes (LEs). LEs
will wet the binders, infuse ionic conductivity and make the
battery operational. Nevertheless, the following advantages can
be realized if binders possess intrinsic ionic conductivity.
Firstly, it will improve the power density of electrodes due to
increased charge carrier density and, secondly, enhance the
transport number of cations. Ionic transport becomes possible
even if liquid electrolyte fails to wet the binder (Ex: high
viscous LEs like ionic liquids). This further enables the use of
an optimum amount of LE and the design of thicker electro-
des, leading to enhanced areal capacity. Batteries can operate

This journal is © The Royal Society of Chemistry 2022
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even if LEs would dry out (in conversion electrodes, continu-
ous consumption of LEs from solid electrolyte interphase (SEI)
is inevitable, which leads to drying out after a few cycles).'®
Consequently, wetting electrodes in solid-state batteries (SSBs)
with LEs is no longer obligatory for SSBs to function if the
binder possesses intrinsic ionic conductivity. Though a few
reports speculate LiCMC and LiPAA binders are ionically con-
ductive, no evidence was provided towards this.'®™'® Rather,
NaCMC was found to conduct protons (H*).'*?° To verify this
assumption, we measured the ionic conductivity of NaCMC,
NaPAA, and NaALG (Fig. S2t). Our experiments also led to the
conclusion that these binders might conduct H' rather than
Na'. H' conductivity might not offer the advantages of having
intrinsic ionic conductivity discussed above.

Eventually, advanced multifunctional binders are required
to meet the future ever-expanding energy demands.”" To this
end, here we reveal the potential of ionically conducting in-
organic binders (ICIBs) with multi potentialities to overcome
the challenges posed by non-aqueous and solid-state batteries.
Lithium salt like Li,Si;O;,; has been known to industries since
1996 for its binding abilities with graphite electrode
materials.?® Later, phosphates and silicates of sodium and
lithium were studied as a binder with carbon-based nano-
composite anodes and LiFePO,/C, LiMnPO,/C cathodes for
almost a decade ago.>* Undisputedly, these patents discussed
the binding abilities of these inorganic salts without any elab-
orate discussion on binder properties or electrochemical per-
formance. There was no follow-up work up to now when we
came across a recent paper while finalizing this manuscript.
In this report, they studied a few inorganic compounds as
binders for silicon and graphite anodes in LIBs.>* This study is
technically limited to showcasing the binding abilities of these
binders with few electrode materials. Also, no insight into the
structure, ionic conductivity, and thermal properties of these
binders was provided. Through this study, we reveal the poten-
tial of several ionically conducting inorganic binders (ICIB).
We have reported twelve ICIBs in this article. The versatility
and compatibility of these binders were tested against six
different classes of electrode materials and in three battery
technologies (lithium-ion, sodium-ion, and solid-state bat-
teries). In all cases, we have compared the performance of
ICIB with standard PVDF. We have not only reported the pro-
perties of ICIBs but provided deep insight into the structure,
ionic conducting mechanisms, thermal properties, and
binding properties of these binders.

The twelve inorganic binders investigated in this study are:
sodium trimetaphosphate ((NaPOj3);-STMP), sodium hexameta-
phosphate  ((NaPO;)s-SHMP),  sodium  polyphosphate
((NaPO3),-SPP), sodium metasilicate (Na,SiO;-SMS), their
1:1 mixture (SPP-STMP; SPP-SHMP; SHMP-STMP; SPP-SMS),
sodium  hydrogen pyrophosphate (Na,H,P,0,-NHPYO,
Fig. S11f), lithium hydrogen phosphate (LiH,PO,-LHPO),
lithium polyphosphate (LiPO3;-LPO) and lithium polysilicate
(Li,Sis04,-LPS). Six different classes of electrode materials
were (cathode materials: Nag,MngoMgp10,, NazVy(POy)s,
LiMn,0,4; anode materials: hard carbon, graphite, Li;Ti5O;,)
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were examined to study the flexibility of ICIB. All Na-based
binders were tested for sodium-ion batteries (SIBs), and Li-
based binders were tested for LIBs. Additionally, Na-based
SHMP was also tested for LIBs to validate its applicability in
LIBs. A comparison of the electrochemical performance of
ICIBs was made with that of standard PVDF. We have also
compared the electrochemical performance of hard carbon
with that of NaCMC and NaALG.

Structure, thermal properties, and
ionic conductivity of ICIB

Among sodium phosphates, only as-received STMP exhibited a
crystalline XRD pattern, while SHMP and SPP were in amor-
phous form (Fig. S31). Apparently, the crystal structure of
STMP alone was reported.>® The structure of STMP (NazP;0,)
is built up of an isolated (P;0,)*~ cluster network connected
three-dimensionally (3D) through NaOs polyhedra (Fig. 1g).
STMP consists of two different Na atoms: Nal and Na2; both
of them are five-fold coordinated to oxygen atoms. Na1Os poly-
hedra are connected through a common edge along the c-axis.
The distance between the Nal atoms along the c-axis is
3.914 A. The Na20; polyhedra are connected through corner-
sharing oxygen atoms along a-axis; the distance between Na2
atoms is 3.417 A. Na20s polyhedra are diagonally organized
with respect to Na1Os. The distance between Nal and Na2
atoms is 3.576 A. Though Na10; polyhedra are not connected
directly along the g-axis, they are connected diagonally to
Na20s through a common edge, generating a zig-zag pathway
for Na* diffusion along the a-axis. This distinct inter and intra
connection of Na105 and Na20s polyhedra provides 3D paths
for Na' diffusion in STMP.

Though amorphous at RT, we attempted to investigate the
structure of SHMP and SPP. Both remain amorphous even
after heating at 200 °C (Fig. 1a); however, SPP crystalized after
heating at 300 °C. Its XRD pattern perfectly matches that of
STMP and persists even after heating at 600 °C. SHMP also
showed a few crystalline peaks after heating at 300 °C, which
matches with the XRD pattern of STMP; a few additional peaks
were found corresponding to NasP;0,o. SHMP crystallized
completely after heating at 600 °C and converted to STMP
(Fig. S37). The FTIR spectra of STMP were compared with that
of M(NH,),(P30,),-4H,0%° as its structure is built of isolated
(P;0,)*” clusters similar to STMP. The peaks at 1294 cm™* and
1262 cm™ ' correspond to asymmetric stretching vibrations
(vas) of O-P-O (Fig. 1b). The double peaks observed at
1099 cm™* and 1162 cm ™" correspond to symmetric stretching
vibration (vs) of O-P-O. A strong peak at 978 ecm™" designates
asymmetric stretching vibration of (v,s) of P-O-P. The peaks at
687 cm™* and 753 cm™" confirm symmetric stretching (v) of
P-O-P.

The peaks at 513 em™" and 639 cm™" correspond to defor-
mation vibrations of P-O-P. The peaks at 1255 cm™' and
1085 cm™ " designate asymmetric (v,,) and symmetric stretch-
ing vibration (vs) of O-P-O. These two peaks are red-shifted by
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Fig. 1 Structure, ionic conductivity, and thermal properties of ICIB. (a) XRD patterns of STMP, SHMP, and SPP after heating at 200 °C for 2 h; (b)
FT-IR and (c) Raman spectra of crystalline STMP, amorphous SHMP, SPP, and LPO; (d) thermogravimetric analysis (TGA) and (e) differential scanning
calorimetry (DSC) of as received STMP, SHMP, and SPP; (f) Arrhenius plot for the IC of crystalline STMP, amorphous SHMP, and SPP; the ionic con-
ductivity of samples was measured after heating the cold-pressed samples at 200 °C for 2 h. The ICs were measured for T = 200-60 °C (top-down
with 20 °C intervals); (g) crystal structure view of STMP and LiPOs (images created by Vesta). Apart from pure sodium phosphates and silicates, we
have investigated the ICs and binding properties of a 1:1 mixture of STMP, SHMP, and SMS with SPP to explore the existence of synergetic effects.
The ICs of these mixed binders are: 6.2 x 107° S cm™ (SHMP: STMP), 3.5 x 107*° S cm™ (SHMP: SPP), 1.7 x 107*° S cm™ (STMP: SPP) and 5.8 x
107%° S cm (SMS: SPP) at 60 °C. The ICs are in the same range as in the case with amorphous SHMP and SPP but exhibited superior electrochemical
properties compared to pure binders. We have also investigated the ICs, thermal, and binding properties of Li-based ICIB, LHPO, LPO, LPS; however,
due to space limitation, the discussion related to these binders are placed in ESI (Fig. S9, S10 and Table S17}).

39 ecm™" and 14 ecm™' compared to STMP, which indicates an
increase in bond length of O-P-O in SHMP and SPP compared
to STMP. The strong peak found in STMP at 978 cm™' is
absent in SHMP and SPP; however, a new peak evolved at
869 cm™'. The peaks at 753 cm™' and 687 cm™" in STMP
correspond to P-O-P vibrations and are red-shifted by 15 and
28 cm™', respectively, in SHMP and SPP, signifying the shor-
tened bond length P-O-P. Raman spectra of STMP exhibited
two strong peaks (Fig. 1c) at 1170 cm™" and 690 cm™", corres-
ponding to symmetric stretching vibrations () of O-P-O and
P-O-P,%° respectively. These two peaks also appeared for
SHMP and SPP. However, the peak at 1170 cm™" blue-shifted
by 10 cm™" than STMP, consistent with the blue-shift observed
for symmetric stretching of O-P-O. Beyond 300 °C, both
SHMP and SPP converted to STMP. The FTIR results perfectly
match with XRD inferences.

Metaphosphates with an O/P ratio of 3 can exhibit two
types of structural geometries, chain or cycle; FTIR and Raman
fingerprints pilot to differentiate them. The absence of a peak
between 750-1000 cm™" in FTIR spectra affirms cyclic geome-
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try, as with cyclic tetraphosphates,” while a strong peak
observed at 869 cm™" for SHMP and SPP signifies the presence
of chain-like PO;. LiPOj; structure is built of (PO;),, chains and
LiO, tetrahedra (Fig. 1g); hence a strong peak in the vicinity of
869 cm™" is expected. Indeed, LiPO; exhibits a strong peak at
902 cm™', suggesting that the peak found at 869 cm™' in
SHMP and SPP signifies the presence of a chain-like structure
of PO; groups in them (Fig. 1b). Also, the blue shift of O-P-O
(shortened bond length) and redshift of P-O-P (enhanced
bond length) stretching frequencies indicate a geometrical
change in the PO; group. Besides, chain phosphates hydrolyze
readily in water, unlike cyclic phosphates.”® SHMP, SPP, and
STMP were dissolved in water, dried, and heated at various
temperatures to validate this postulate. STMP showed a crystal-
line XRD pattern that typically matches that of pristine STMP
(Fig. S41). SHMP and SPP dried at room temperature (RT) were
amorphous. Interestingly, SHMP and SPP heated at 100 °C
showed crystalline peaks corresponding to NaH,PO, and
Na,H,P,0,, the hydrolyzed products of SHMP and SPP.
Further, the fraction of NaH,PO, is higher than Na,H,P,0; in

This journal is © The Royal Society of Chemistry 2022
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SPP at 100 °C. In contrast, the fraction of Na,H,P,0, is more
in SHMP as compared to NaH,PO, at 100 °C. This confirms
that the chain length of (PO;), in SHMP and SPP is different.
Shorter chains have a higher fraction of orthophosphate
(NaH,PO,) due to a large fraction of end groups, and longer
chains have a large fraction of pyrophosphate (Na,H,P,0-).
However, these hydrolyzed phosphates were converted to
STMP after heating >300 °C. The differences in chemical reac-
tivity of SHMP and SPP compared to STMP confirm the struc-
tural differences between these phosphates.

Thermal characteristics of ICIBs were studied using thermo-
gravimetric analysis (TGA) and differential scanning calorime-
try (DSC). A weight loss of <1 wt% observed in ICIB (<1000 °C)
is attributed to the loss of surface functionalized OH™ in the
form of water (Fig. 1d). SPP and SHMP exhibited endothermic
regions centered at 273 °C and 275 °C, followed by exothermic
peaks centered at 340 °C and 357 °C. The endothermic peaks
indicate T, of SHMP and SPP, while the exothermic peaks
signify crystallization (phase transformation to STMP, Fig. 1f).
The thermal behavior of SHMP and SPP is consistent with
XRD and FT-IR results, supplementing phase transformation
in them when heated >300 °C. It is inferred that only STMP is
stable in the crystalline state (RT-1000 °C) among STMP,
SHMP, and SPP. SHMP and SPP are stable in their amorphous
state up to 250 °C but become crystalline >250 °C, eventually
transforming to STMP. It is concluded that the structure of
amorphous SHMP and SPP is composed of (POs),, chains, and
their local structure is similar to LiPO; (Fig. 1g). Further,
(PO3). chain length is distinct for SHMP and SPP. The struc-
tural differences in SHMP, SPP, and STMP substantiate the
existence of distinct Na" diffusion paths. The continuously
connected (PO;),, chains in SHMP and SPP (in contrast to iso-
lated P30, groups in STMP) isolate the NaOs polyhedra in one
direction and essentially limit the diffusion to a 2D path
(Fig. 1g).

The ionic conductivity of crystalline STMP is 6.1 x 107'* S
em ™! at 60 °C that increased to 1.2 x 1077 S em ™" at 200 °C
(Fig. 1f). The ionic conductivity increased linearly with the
increase in temperature. The activation energy of crystalline
STMP was found to be 0.66 eV. The ionic conductivities of
amorphous SHMP and SPP were 6.5 x 107 S ecm™" and 4.2 x
107'% S em ™ respectively at 60 °C and increased to 5.3 x 107° S
em™ and 2.4 x 10°°® S em™" at 200 °C. Corresponding acti-
vation energies are 0.89 and 0.87 eV respectively. For compari-
son, we have synthesized and measured the ionic conductivity
of amorphous STMP. Amorphous STMP was made by
mechanically milling the crystalline STMP. The ionic conduc-
tivity of amorphous STMP was 4.5 x 107'° S em™ at 60 °C, i.e.,
~8 times higher compared to the value of crystalline STMP.
The activation energy increased to 0.94 eV from 0.66 eV in
amorphous STMP. The ionic conductivities of amorphous
phases are 7-10 times higher than crystalline STMP. The
enhanced ionic conductivities of amorphous forms are attribu-
ted to their different local structures compared to crystalline
phosphates (as probed by XRD, FTIR, Raman, and thermal
studies). It could also be due to higher defect concentration in
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amorphous phases, facilitating ion-diffusion and leading to
improved ionic conductivity. Interestingly, the activation
energy of crystalline STMP is lower than in amorphous phases.
Generally, higher ionic conductivities will lead to lower acti-
vation energies or vice versa.”® According to the Anderson-
Stuart model, the activation energy for conduction may be the
electrostatic binding energy of the original site and the strain
energy required to move the ion from one site to another.?®**
The low activation energy of crystalline STMP indicates the low
energy required for ionic movement. If ionic movement is
facilitated, higher ionic conductivity can be achieved.
Therefore, we postulate that by improving the Na vacancies via
aliovalent doping, ionic conductivity in crystalline STMP can
be improved significantly. Conclusively, the ionic conduc-
tivities of ICIB reported here are lower than solid electrolytes
(SEs), where the ionic conductivities of SEs are in the range of
1072 t0 107® S em™" at RT. It has to be noted that the ionic con-
ductivities reported here are for pure compounds, which will
be generally low due to fewer intrinsic defects. Also, there are
no apparent vacant sites that could facilitate the Na* hopping
as inferred from crystal structure analysis. The creation of
extrinsic defects is necessary to achieve higher ionic conduc-
tivity in these binders.

We also measured the ionic conductivity of organic binders
NaCMC, NaPAA, and NaALG. For ionic conductivity measure-
ments, the powders were vacuum dried at 120 °C for 12 h.
These dried powders were pressed into 7 mm pellets, coated
with gold on both sides, and transferred to the glove box,
dried further at 100 °C before loading into the EIS cell in the
glove box. The ionic conductivities of NaPAA, NaALG are 8.7 x
107" S em™ 1.1 x 107'° S em™ at 60 °C and 2.5 x 107° S
em™, 1.3 x 1077 S em™" at 200 °C, respectively. These values
are similar to the ionic conductivities of ICIB reported here. In
the case of NaCMC, ionic conductivity could not be measured
at 60 °C. Its ionic conductivity at 100 °C is 1.1 x 107'° & 1.4 x
107% at 200 °C. However, the reported H* conductivity of
NaCMC is 3.8 x 107> S em ™" at RT, much higher than what we
measured.”® In this report, the authors just desiccated the
sample before measuring the ionic conductivity. This will not
be enough to remove the water from the sample. Our TG ana-
lysis showed that these binders absorbed a significant amount
of water (~10 wt%) and required heating up to 150 °C to
remove the absorbed water (Fig. S1f). H' transfer occurs
through the Grotthus mechanism, and water absorption
should enhance H' conductivity if H' is the conducting ion.
Nafion is another well-known example of hydration-dependent
conductivity.>* To check this, we left the pellets in an atmo-
sphere for 72 h and allowed them to reabsorb the water. The
weight of the pellets increased from 77.1 mg to 90.8 mg for
NaCMC, 69 mg to 88.2 mg for NaPAA, 67.2 mg to 80.8 mg for
NaALG due to the absorption of water. 10 to 20 wt% of weight
gain was observed, which is consistent with TG results. We
measured the ionic conductivity of these air-exposed samples.
Indeed, the ionic conductivity increased to 1.5 x 1077 S em™*
for NaCMC, 7.2 x 107° for NaPAA, 1.2 x 107° S cm ™ for NaALG
at 60 °C, indicating that these compounds might conduct H"
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rather than Na'. More importantly, solid-state batteries with
NaCMC and NaPAA binders did not function similarly to
PVDF. This supports our conclusion that NaCMC might
conduct H'. Nevertheless, Na' conductivity cannot be ruled
out in these compounds, particularly in the hydrated form, as
hydration might facilitate the Na" hopping. Though it requires
further investigation, the distance between two Na" is too large
in these compounds for Na" to hop without the help of a
hydrated solvent.

Insight into the binding mechanism of
ICIB

The binding mechanisms of ICIB are different from those of
conventional PVDF, where binding is largely based on physical
interactions.*® We hypothesize that the binding ability of ICIB
could be due to the condensation of its OH™ groups with the
surface functional groups of electrode materials and sub-
strates. We dissolved ICIB in water and let the water evaporate
at RT, intending to get free-standing films. However, free-
standing films were not obtained. Instead, ICIB stuck strongly
to the glass substrate (digital images are provided in
Fig. S12t). This contrasts with PVDF and NaCMC, where free-
standing films were obtained readily when NMP-PVDF and
water-NaCMC solutions were dried. This experiment signals
that the binding mechanisms of ICIB are different compared
to conventional organic binders. And strong bonding to glass
substrate suggests surface groups are vital to achieving
binding with ICIB. The presence of OH™ groups in ICIB can be
observed from TG and FTIR (Fig. S5, S8b and S9bt). A total
weight loss of 0.76%, 0.69%, and 0.15% was observed for SPP,
SHMP, and STMP, respectively (Fig. 1d). A rather high weight
loss of 4% was observed for SMS. This weight loss could be
due to the loss of OH™ in the form of H,O. LiH,PO, exhibited
a weight loss of ~18% between 300 and 400 °C due to the for-
mation of LiPO;. The FTIR spectra of all binders show a peak
between 2500-3500 cm ™" (Fig. S5, S8b and S9bt). These peaks
are assigned to OH™~ groups.** These OH™ groups disappeared
after drying at 100 °C (for SPP, SHMP, and STMP) at 300 °C
(for SMS), which indicates that the OH™ groups are condensa-
ble during the drying (Fig. S5 & S8b¥). ICIB might hydrolyze
further and produce more OH™ groups when dissolved in
water during the slurry-making process. These OH™ groups
will condense with the surface functional groups of electrode
materials and provide binding during the drying process. In
the absence of electrode material, two metaphosphate groups
will condense. Therefore, it is vital to have surface functional
groups on electrode materials to provide strong binding.

Electrochemical performance of ICIB
in sodium-ion batteries (SIBs)

The state of the binders within the composite electrodes is
obviously amorphous. XRD patterns were collected on compo-
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site electrodes (NMO (80%) + (STMP or SHMP (10%)) + carbon
(10%)) that were dried and heated at various temperatures
[Fig. S61]. The patterns of the electrodes did not show any pro-
nounced reflections corresponding to binders. However, new
unidentified reflections evolved after heating the electrodes at
600 °C, which might have originated due to the solid-state
reactions between the electrode material and the phosphate
binder. While the amorphous state for SHMP can be expected,
the amorphous state of STMP in the electrode is rather surpris-
ing. The strong interactions between NMO and binder might
have probably inhibited the crystallization of these binders.
The reversible capacities of hard carbon (HC) are 243 and
265, and 262 mA h g~ when cycled with PVDF, NaCMC, and
NaALG, respectively (Fig. 2a). The reversible capacities of
HC-SHMP and HC-MB (mixed binder-STMP-SPP) cells are
306 mA h g7' and 340 mA h g™, Interestingly, the reversible
capacities of HC-STMP and HC-SPP alone are lower than that
of HC-MB cells (Fig. 2b), which might be due to the synergistic
effect of these binders. A reversible capacity of approximately
250 mA h g~* was reported for HC-CMC cells at 25 mA g~ by
Dahbi et al® A reversible capacity of ~300 mA h g~' and
~275 mA h g~ was obtained here when cycled at 20 mA g~
using HC-MB and HC-SHMP cells. The rate capability of the
cells was improved further by adding additional conductive
carbon in the electrode-making process. When additional
carbon was added (10 wt%), the reversible capacity of
HC-SHMP cells increased to ~360 mA h g ' (Fig. S167).
Further improvements in the rate capability of the HC electro-
des are possible by inducing more functional groups on HC
and enhancing the ionic conductivity of ICIB. The discharge
profile of HC has two distinct regions - a sloping region
between 2.0-0.1 V and a plateau-like region between 0.1-0.0
V. In our earlier studies on HC, the sloping region was desig-
nated for the adsorption of Na into defects followed by inser-
tion into nano-sized graphitic layers, while the plateau-like
region was affirmed to the pooling of Na into the nanopores
formed by the random orientation of graphitic layers.*>>® we
also proposed that the capacity of the sloping region must be
restricted to 93 mA h g™' (Na,,C), but the capacity in the
plateau region can be modulated. Evidently, the discharge
capacities of the sloping region were confined to <100 mA h
¢! irrespective of binders, and capacities of the plateau region
increased significantly when ICIB were used. A key to achieving
high capacity in the plateau region is to reduce over-discharge
potential. A low over-discharge potential result in a longer dis-
charge plateau and increases the associated capacity. A high
over-discharge potential leads to a fast reaching of 0.0 V and
decreases the capacity in the plateau region. Discharging
below 0.0 V will lead to deposition of Na-metal. HC-ICIB
showed low over-discharge potential compared to HC-PVDF
cells, confirming the improved interfacial resistance between
ICIB and HC. A lower interfacial resistance was observed for
HC-SHMP and HC-MB than with HC-PVDF cells. The IR of the
HC-MB cell was ~660 Q, while that of the HC-PVDF cell was
~1060 Q (Fig. 2c). The reduced interfacial resistance signifies
the facile charge transfer kinetics between HC and ICIB and

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Electrochemical performance of ICIB in SIBs: (a) discharge—charge

profiles of HC : binder (9: 1) cells (second cycle) at 10 mA g2, (b) cyclic

performance of the same cells cycled at different current rates and 25 °C, (c) Nyquist plot of HC-PVDF, HC-SHMP and HC-MB cells measured
before cycling; (d) charge—discharge profiles of NMO : binder: C (8:1:1) cells obtained at a current rate of C/10 (second cycle), (e) cyclic perform-

ance of the same cells cycled at different current rates and 25 °C, (f)

DSC of charged electrodes (NMO-PVDF, NMO-STMP, NMO-SPP, and

NMO-SMS); for DSC measurements, electrodes were charged electrochemically until 4.5 V vs. Na/Na*. The charged electrodes were first washed

with DMC and dried (80 °C), and then the powder was scratched off

from the current collector for DSC. (g) Charge—discharge profiles of

NVP : binder: C (8:1:1) cells with different binders obtained at C/10 (second cycle); (h) cycling performance of the same cells cycled at different

current rates and 25 °C, (i) cycling performance of NVP-PVDF, NVP-STMP cells cycled at 40 °C and C/2. The active material was 2.0 to 3.0 mg cm™

2,

and the thickness of the electrode was 40—-50 pm. The thickness of the current collector and separator is 190 and 500 pm, respectively. Na—Metal

thickness is 250 pm, and the diameter is 7 mm. Approximately 150 pL electr:

olyte was used for each cell. The C-rate was calculated assuming the fol-

lowing specific capacities for materials; NMO: 180 mA h g™, NVP: 117 mA h g*. Additional electrochemical data related to HC, NMO, and NVP elec-

trodes are given in the ESI.¥ The comparison of the reversible capacities wit

minimizes the over-discharge potential, leading to decreased
polarization between the discharge-charge curves of HC. The
polarization between discharge-charge curves was 27 mV for
HC-MB and 33 mV for HC-PVDF. The high reversible capacity
found for HC-ICIB cells reveals the inherent potential of HC
and makes it potentially viable for commercialization. The
better electrochemical properties of HC-ICIB cells compared to
HC-PVDF cells could be due to the strong binding between HC
and ICIB. HC might condense more intensely due to the pres-
ence of carboxyl and epoxy groups in addition to OH groups on
the surface of the HC. Fig. S47f shows the XPS spectra of hard
carbon. The peaks at 286 and 289 eV indicate the presence of
oxygen originated from these functional groups. These carboxyl
and epoxy groups will condense with the OH™ groups of the
binder and provide a strong binding between ICIB and HC. The
low interfacial resistance of HC-ICIB cells could also be due to
the strong binding between HC and ICIB.

This journal is © The Royal Society of Chemistry 2022

h all binders is given in Tables S2 and S3 of ESL.{

Nay ;Mng Mg 10, (NMO)-ICIB cells displayed superior
capacity retention compared to NMO-PVDF cells (Fig. 2e and
Table S31). The reversible capacity of the NMO-PVDF cell in
the second cycle is 159 mA h g™, the highest among all
binders (Fig. 2e and S1871). However, a drastic capacity fading
was observed with cycling (94 mA h g™ after 150 cycles). The
reversible capacity of the NMO-SHMP cell was 137 mA h g™" in
the second cycle and reduced to 120 mA h g™" after 150 cycles.
The capacity retention of the NMO-PVDF cell is 59%, while
that of the NMO-SHMP cell is 87% over 150 cycles (Table S37).
Further, NMO-MB cells exhibited the highest rate capability
among the investigated binders with a capacity of ~70 mA h
¢~', while all other cells show only half of this capacity at 5C
(Fig. 2e). The reason for the lower rate capability of NMO-ICIB
cells (except NMO-MB cell) than NMO-PVDF cells could be due
to the low binding strength of ICIB towards NMO. In contrast
to hard carbon, oxides will use surface OH™ groups to con-

Green Chem., 2022, 24, 5620-5631 | 5625
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dense and bind. Therefore, the binding strength of oxides
depends on the OH™ groups present on the surface of NMO.
FTIR shows no evidence of OH™ groups. Due to the high-temp-
erature synthesis (900 °C) and low surface area (1.6 m* g~") of
NMO, we expect the number of OH™ groups on the surface of
NMO to be significantly less and eventually led to weak
binding and lower rate capability. The rate capability of NMO
could be improved significantly by inducing surface OH™
groups on NMO. Besides cycling stability, another major
concern with layered cathode materials is their low thermal
stability in the charged state (Na is removed). P2-type layered
cathode materials release oxygen in the highly charged state,
destabilizing the structure and eventually leading to phase
transformations at high temperatures with heat release.
Controlling such heat evolution is essential to prevent thermal
runaway in batteries. Interestingly, ICIB acts as a heat sink by
absorbing the exothermic heat evolved from charged cathode
materials at high temperatures. DSC of NMO-PVDF electrodes
exhibited a strong exothermic peak centered at 316 °C
(Fig. 2f). The exothermic heat associated with this transition
was 428 J g¢”'. In contrast, the exothermic heat released by
NMO-SPP, NMO-STMP, and NMO-SMS electrodes was 302, 143,
and 38 J g7', respectively. The higher heat release by NMO-SPP
electrodes compared to NMO-STMP and NMO-SMS electrodes
is related to the exothermic transition of SPP to STMP at
340 °C (Fig. 1e). This exothermic heat might have manifested
in the heat evolution by NMO-SPP electrodes. Overall, the heat
evolved from NMO-ICIB electrodes was low and insignificant
in NMO-SMS electrodes. We postulate that even this little heat
can be eliminated by employing optimized quantities of NMO
and ICIB. This can have strong implications for preventing
thermal runaways in batteries. The lesser heat evolved by
NMO-ICIB electrodes than NMO-PVDF is attributed to the
chemical reaction between ICIB and charged NMO cathodes,
which could have minimized the net exothermic heat. It can
also be related to the oxygen-scavenging act of ICIB.

All binders performed well with NazV,(PO,); (NVP), but
STMP stands out. A reversible capacity of 114 mA h g~ was
observed for the NVP-STMP cell, a value close to the theoretical
capacity of NVP (117 mA h g™") (Fig. 2g and S207). A relatively
low reversible capacity of 102 mA h g™ is observed for the
NVP-PVDF cell. Comprehensively, all NVP cells maintained
high-capacity retention (>94%) (Fig. 2h and Table S37}). Long-
term cycling measurements were performed on NMO and NVP
at 40 °C (Fig. S21f and Fig. 2i). Fast capacity fading was
observed for NMO probably due to the electrolyte decompo-
sition, triggered by high cut-off voltage (4.5 V) and tempera-
ture. However, NVP delivered a stable capacity of 80 mA h g™
even after cycling at 40 °C for 400 cycles.

Electrochemical performance of ICIB
in lithium-ion batteries (LIBs)

The electrochemical performance of Li-based binders is shown
in Fig. 3. LiPO; electrodes were derived from LiH,PO, electro-
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des as LiPO; is not soluble in water. Initially, we made electro-
des with LiH,PO, and heated them at 120 °C and 320 °C in
air. The electrodes heated at 320 °C are noted as LiPO; as
LiH,PO, loses water when heated beyond 300 °C according to
TGA (Fig. S9t). The 2" discharge capacities of G-PVDF,
G-SHMP, G-LHPO, and G-LPO cells were 368, 390, 403, and
382 mA h g7, respectively. The reversible capacities of the
cells after 30 cycles were 368, 383, 376, and 385 mA h g™,
respectively. The reversible capacities are close to the theore-
tical specific capacity of graphite (372 mA h g™"). The revers-
ible capacity of G-PVDF cells at a 1C rate is 288 mA h g™
Whereas the reversible capacities of G-SHMP, G-LHPO, and
G-LPO cells at 1C rate are 78, 144, and 22 mA h g_1, respect-
ively. Though the theoretical capacity was achieved with G-ICIB
cells at a C/10 rate, the C-rate capability of G-ICIB cells is sig-
nificantly lower. Interestingly all G-ICIB cells restored the
theoretical capacity when cycled at low rates. In the case of
HC, the reversible capacities of HC-PVDF, HC-SHMP,
HC-LHPO, and HC-LPO cells are 268, 215, 301, and 259 mA h
g7, respectively. The reversible capacities of HC at 60 mA g~
are 170, 132, 190, and 157 mA h g~ for HC-PVDF, HC-SHMP,
HC-LHPO, and HC-LPO cells, respectively. LHPO is better for
HC in LIBs. Hard carbon and graphite offer direct comparison
as both are made of carbon. Hard carbon is built of nano gra-
phitic domains arranged in a random card model.”” Graphite
is built of ordered graphene layers. HC was synthesized at
1200 °C and got a significant number of defects and contains
various functional groups as proved by XPS (Fig. S471). The
average particle size is ~5 pm. Graphite was obtained commer-
cially and used as received. The average particle size is
~3-5 um. Graphitization occurs generally above 2000 °C,
where any defect and functional groups will be removed.
Therefore, graphite does not possess functional groups to con-
dense with ICIB and eventually showed poor binding and rate
capability. We suggest that by inducing the functional groups
on graphite, the binding strength can be enhanced, and graph-
ite’s cycling and rate capability can be significantly improved.
It should be mentioned that we were able to make hard carbon
& NMO electrodes even with 5 wt% of ICIB. The electro-
chemical results are shown in Fig. S17 & S19.f Though we
could make graphite electrodes using LiH,PO, and Li,Si5O4;
as binders, our attempts to make electrodes using graphite
and SHMP failed. Therefore, we have added 5 wt% of dopa-
mine in the electrode-making process of graphite using SHMP
as a binder. With the addition of tris buffer (10 mM, pH 8.5),
dopamine will self-polymerize on the surface of graphite and
facilitated coating with SHMP. Polydopamine was sub-
sequently removed by heating the electrodes at 320 °C before
cycling.

Li,TisO1, (LTO) is another interesting material as an anode
for LIBs. LTO-PVDF cells delivered the full theoretical specific
capacity of 175 mA h g~ when cycled at a C/10 rate. However,
LTO-ICIB cells showed less reversible capacity. The reversible
capacities of LTO-LPO and LTO-SHMP are 147 and 154 mA h
g~'. We attribute this low capacity of LTO to its low binding
strength towards SHMP and LPO. We treated LTO in 1 M

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Electrochemical performance of the ICIB in LIBs. (a) Shows 2"¢ discharge—charge profiles of G-PVDF, G-SHMP, G-LPO, and G-LHPO cells;
(b) cyclic performance of the same cells cycled at different current rates and 25 °C; (c) 2™ discharge—charge profiles of HC-PVDF, HC-SHMP,
HC-LPO, HC-LHPO; (d) cyclic performance of the same cells cycled at different current rates and 25 °C; (e) 2" discharge—charge profiles of LTO (f)
their cycling performance; (g) 2" charge—discharge profiles of LMO; (h) their cycling performance. The complete details of reversible capacities and

capacity retentions for LIBs is given in Tables S4 & S5.f The active material was 2.0 to 3.0 mg cm™

2

, and the thickness of the electrode was

40-50 pm. The thickness of the current collector and separator is 190 and 500 um, respectively. Li—Metal thickness is 200 um, and the diameter is
7 mm. Approximately 150 pL of electrolyte was used for each cell. The C-rate was calculated assuming the following specific capacities for materials;
LMO: 148 mA h g%, LTO: 175 mA h g2, graphite: 372 mA h g™~

This journal is © The Royal Society of Chemistry 2022
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HNO; to induce surface OH™ groups. But it led to Li" exchange
with H'. Fig. $481 shows the XRD and FTIR patterns of pure
LTO and HNO; treated LTO. No OH™ groups are evident from
the pure LTO, but a strong peak was seen between
3000-3500 cm™ ", which signifies the presence of OH™ groups.
But in the XRD of HNO; treated LTO, significant changes can
be seen which could be due to Li" exchange with H'. We have
also tested LiMn,O, (LMO) against ICIB. LMO-PVDF cell deli-
vers a theoretical specific capacity (148 mA h g™) in its first
charge but fades with cycling. The capacity of LMO-LPO and
LMO-SHMP cells also faded with cycling, but the initial
capacity is 105 and 110 mA h g™', respectively. We are trying to
coat these electrode materials with SiO,, which can generate a
significant amount of OH™ groups on the surface, resulting in
better binding and might improve the electrochemical
performance.

ICIBs for solid-state batteries (SSBs)

SSBs potentially offer higher energy density and safety than
conventional non-aqueous batteries. However, the manufactur-
ing of SSBs is challenging owing to the mechanical rigidity of
solid electrolytes (SEs). Two methodologies were adopted in
the literature to fabricate SSBs. The first approach involves co-
sintering SEs with cathode layers (CLs), then pressing them
with metal electrodes.*®*° In this process, a significant frac-
tion of SEs (30-40 wt%) needs to be mixed with cathode
material to provide adequate ionic wiring in the cathode layer.

View Article Online
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This fraction of SE in the cathode layer is electrochemically
inactive and reduces the energy density of SSBs. Besides, con-
trolling the volume changes in such SSBs is difficult owing to
the mechanical rigidity of SEs. Volume changes can lead to the
isolation of electrode particles, loss of interfacial contact,
blocking of ion transport (within cathode layer, across the
cathode layer, and SE), and eventually lead to capacity fading.
Such problems are trivial in batteries with LEs as volume
changes can be accommodated in electrode materials. In the
second and broadly adapted approach, cathode layers were
coated on pre-sintered SE discs using organic binders; and
subsequently, cathode layers were wetted with LEs to induce
ionic transport.”® SSBs fabricated via the second approach
work well. However, such SSBs are not fundamentally different
from non-aqueous batteries (considering the flammability and
low thermal stability of LEs, and organic binders). On the
other hand, wetting with LEs is necessary to enable ionic
transport. But ICIB, with their unique ionic conducting and
binding properties, enabled the flexible processing and func-
tioning of SSBs without conceding their attributes.

To test this hypothesis, SSBs using PVDF and ICIB were fab-
ricated. Sodium beta alumina (SBA) discs were employed as
SEs due to their high ionic conductivity (1.4 x 107> S ecm™) at
RT. In type I SSB, NMO was coated as a cathode layer on SBA
discs using a PVDF binder. SSB was made by pressing Na-
metal as an anode to the other side of the SBA disc (Na/SBA/
NMO-PVDF-C). The Nyquist plot of the Na/SBA/NMO-PVDF-C
cell consists of a depressed semicircle with resistance over 400
kQ (Fig. 4a). The Na/SBA/NMO-PVDF-C cell did not exhibit sig-

3) 2.0x10° g8
RT  NMO:PVDF:C (8:1:1)SBANNa b) 55 Cl60

5.0 RT

1.8x10°
1.6x10°
1.4x10°

—O— pristine
—&— with drop of LE

1.2x10°

z"(Q)

1.0x10°

8.0x10*
6.0x10*
4.0x10*
2.0x10*

0.0

1x10°

NMO:PVDF:C (8:1:1)SBANa
with a drop of LE

—=—RT
—&—80°C

NMO:SHMPC (8:1:1)SBANa

o \.. -
g M

80.5 KQ

0 20 40 60

2100 3x10°  4x10®  5x10° 00 T
(@)

Capacity (mAh/g)

0.0 2.0x10*  4.0x10° 6.0x10° 8.0x10* 1.0x10°
80 100 120 140 160 Z' (Ohm)

d)

CI60  NMO:MB:C (8:1:1)SBANa e)
RT

cle0
80°C

1st discharge

200
NMO:SHMP:C (8:1:1) ] ) T ~O—PVDFIRT
@:1:1) L SRS T 1
1 o —&— NMOPVOF-C (8:1:1/LEM
oo —— PVDF/drop of LE 1
A b -
/// S ] s10{%, - SHuPBIC
] F120] eallm
E
2100 Q»
S
g 80 %o, cio -
. S 60 M o000
\ ci30 /
40 2000000000
1stdischarge | 20 . e
)

2 4 6 8 12 20
Capacity (mAh/g)

40 60 80
Capacity (mAh/g)

100 120 o 5 10 15 20 25 30
Cycle number

Fig. 4 Electrochemical performance of ICIB in SSBs. (a) Nyquist plot of Na/SBA/NMO-PVDF-C cell recorded at RT and inset shows the Nyquist plot
of the same cell recorded after adding a drop of liquid electrolyte (LE) to the cathode layer; (b) charge—discharge profiles of the Na/SBA/
NMO-PVDF-C cell obtained after adding a drop of LE to CL (Na/SBA/NMO-PVDF-C-LE). Inset shows charge—discharge cycles without LE. (c)
Nyquist plot of Na/SBA/NMO-SHMP-C cell obtained at RT and 80 °C; (d) charge—discharge profiles of the Na/SBA/NMO-MB-C cell obtained at RT;
(e) charge—discharge profiles of Na/SBA/NMO-SHMP-C cell obtained at 80 °C. (f) Cycling performance of Na/SBA/NMO-PVDF-C (obtained RT and
80 °C), Na/SBA/NMO-PVDF-C-LE cells (the cycling was also compared with pure liquid electrolyte cell Na/LE/NMO-PVDF-C) Na/SBA/NMO-MB-C

at RT and compared with Na/SBA/NMO-SHMP-C at 80 °C.
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nificant capacity when cycled (Fig. 4b inset). The cell was dis-
mantled in a glove box, and a drop of LE was added to the
cathode layer (Na/SBA/NMO-PVDF-C-LE). The Nyquist plot of
this cell consists of two well-defined semicircles with a total re-
sistance of 234 Q (magnified in the inset of Fig. 4a). The first
semicircle (87 Q) signifies the interfacial resistance between
SBA and Na-metal. Although the Na-metal layer was not
wetted, the LE dropped on the cathode layer could diffuse
across the SE disc and wet the interface between Na-metal and
SBA. The interfacial resistance of the second semicircle was
212 Q. The addition of LE induces ionic conductivity within
the cathode layer, across the cathode layer, and SBA, and this
notably reduced the resistance of the cathode layer. The Na/
SBA/NMO-PVDF-C-LE cell is performed typically as the cell
with pure LE (Na/LE/NMO-PVDF-C) (Fig. 4b and f). These
studies emphasize that the addition of LE is obligatory for the
operation of SSBs with a PVDF binder.

In type II SSB, NMO was coated on SBA using SHMP. After
coating the CL, the SBA discs were heated at 300 °C. Na-Metal
was pressed onto the other side of these discs to complete the
fabrication of SSB (Na/SBA/NMO-SHMP-C). The Nyquist plot of
the Na/SBA/NMO-SHMP-C cell consists of one depressed semi-
circle with a total resistance of 80.5 kQ. The resistance dropped
to 6.8 kQ when the temperature of the cell was raised to 80 °C.
In contrast to the cell with PVDF (Na/SBA/NMO-PVDF-C), this
cell could be cycled at 80 °C. The first charge and discharge
capacities of Na/SBA/NMO-SHMP-C cells were 56 and 99 mA h
g, respectively. However, the capacity faded gradually, and a
capacity of 68 mA h g™! was obtained after 10 cycles. This low
discharge capacity could be due to the large IR observed for Na/
SBA/NMO-SHMP-C cells. The total resistance of pure SSB at
80 °C was ~29 times higher than that of SSB wetted with LE.
The high interfacial resistance limits the ion transport across
the interface and results in low capacity. The reason for high
interfacial resistance could be due to the low ionic conductivity
(2.5 x 107 S em™") of SHMP at 80 °C and the modified surface
of SBA during NMO coating with SHMP. The coating of NMO
using SHMP exposes the SBA discs to water, which would have
modified the surface of SBA. Coating of NMO using PVDF uses
NMP solvent, which is stable against SBA. Capacity fading could
also be due to the increased interfacial resistance between Na
and SBA during cycling (Fig. S25t). Interfacial resistance
increased to ~198 kQ after 10 cycles and ~3.8 MQ after 25
cycles. Overall, the electrochemical performance of the SSBs
with ICIB is not appealing due to the low IC of SHMP and high
interfacial resistance between Na-metal and SBA. Nevertheless,
ICIB paved an untrodden path for the flexible processing and
operation of SSBs without LEs. We postulate that by using ICIB
with higher ionic conductivities and water-stable SEs, high-per-
formance, sustainable and safe SSBs can be realized.

Since the organic binders showed ionic conductivity similar
to ICIB, we fabricated SSBs with NaCMC and NaPAA. SSBs
with these binders should work if the ionic conductivity of
these binders is due to Na' and not H'. The EIS and electro-
chemical results are summarized in Fig. S26 and Table S6.1
These cells performed like a cell with PVDF. They did not func-
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tion either at RT or 80 °C. But they worked well when liquid
electrolyte was added. These results further emphasize the
importance of intrinsic ionic conductivity in binders.

Outlook

In this report, we revealed the potential of inorganic binders
in electrochemical energy storage and demonstrated the
importance of having intrinsic ionic conductivity in binders.
Beyond ionic conductivity, binding properties, and excellent
thermal stability, ICIB can absorb the heat evolved by charged
cathodes, which will significantly enhance the thermal stabi-
lity of batteries. The binding ability of ICIB could be due to the
condensation of its OH™ groups with the surface functional
groups of electrode materials and substrates. Therefore, the
binding properties of ICIB can be improved and tailored by
inducing surface functionalities on electrode materials and by
optimizing the processing conditions such as pH of the binder
solutions, amount of binder, binder to water ratio, and drying
conditions. Our experiments inferred that ICIB has good
adhesion towards the glass (which could be due to the surface
OH™ groups). Therefore, we suggest that coating electrode
materials with SiO, might significantly improve the adhesion,
thereby electrochemical properties. Further, the rate capability
of electrodes can be improved by enhancing the ionic conduc-
tivity of ICIB. The binding properties combined with intrinsic
ionic conductivity provide unique opportunities in solid-state
batteries. As far as SSB applications are concerned, the ionic
conductivity of ICIB needs to be improved. The ionic conduc-
tivities of ICIB reported here are in the range of 5 x 107'° to 5
x 107" S em™" at 60 °C, which are low. However, the ionic con-
ductivities of these ICIB could be significantly improved by
doping with aliovalent cations, and there is a scope for identi-
fying new inorganic binders with high ionic conductivity. As
ICIBs are emission-free and do not require organic solvents for
processing, battery manufacturing and recycling will get
cheaper and greener.
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