N
N

N

HAL

open science

Lithium Diffusion-Efficient Ionogels as Polymer Solid
Electrolyte for Next-Gen Lithium-Ion Batteries
Boluwatife Igbaroola, Yassine Eddahani, Patrick Howlett, Maria Forsyth, Luke
O’Dell, Nicolas Dupré, Jean Le Bideau

» To cite this version:

Boluwatife Igbaroola, Yassine Eddahani, Patrick Howlett, Maria Forsyth, Luke O’Dell, et al..
Diffusion-Efficient Ionogels as Polymer Solid Electrolyte for Next-Gen Lithium-Ion Batteries. ENERGY &

ENVIRONMENTAL MATERIALS, 2024, {10.1002/eem2.12811). <hal-04673345)

HAL Id: hal-04673345
https://hal.science/hal-04673345v1

Submitted on 11 Oct 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizition
HAL Authorization

Lithium


https://hal.science/hal-04673345v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

W) Check for updates

Energy &

RESEARCH ARTICLE Environmental Materials WILEY

Lithium-lon Batteries

Lithium Diffusion-Efficient lonogels as Polymer Solid
Electrolyte for Next-Gen Lithium-lon Batteries

Boluwatife Igbaroola, Yassine Eddahani, Patrick Howlett, Maria Forsyth, Luke O'Dell,

Nicolas Duprée* @, and Jean Le Bideau*

The search for safer next-generation lithium-ion batteries (LIBs) has driven
significant research on non-toxic, non-flammable solid electrolytes. However,
their electrochemical performance often falls short. This work presents a
simple, one-step photopolymerization process for synthesizing biphasic
liquid—solid ionogel electrolytes using acrylic acid monomer and P;;;;4FSI
ionic liquid. We investigated the impact of lithium salt concentration and
temperature on ion diffusion, particularly lithium-ion (Li*) mobility, within
these ionogels. Pulsed-field gradient nuclear magnetic resonance (PFG-NMR)
revealed enhanced Li* diffusion in the acrylic acid (AA)-based ionogels
compared to their non-confined ionic liquid counterparts. Remarkably, Li*
diffusion remained favorable in the ionogels regardless of salt concentration.
These AA-based ionogels demonstrate very good ionic conductivity (>1 mS
cm ' at room temperature) and a wide electrochemical window (up to 5.3V
vs Lit/Li%. These findings suggest significant promise for AA-based ionogels

developing.””] However, challenges such as low
ionic conductivity and interfacial problems pre-
vent solid-state batteries from being widely
commercialized.

A major progress in battery technology has
been made recently with quasi-solid-state lith-
ium battery developments. A promising
approach to enhance the safety of lithium batte-
ries involves incorporating ionic liquids (ILs)
into solid electrolytes.”’ ™! ILs are molten salts,
commonly presented as having a melting point
of less than ca. 100 °C that contain both organic
cations and inorganic or organic anions.!'!)
They are preferred electrolytes because of their
exceptional qualities, which include non-
flammability, thermal stability, high ionic con-
ductivity, and a wide electrochemical potential

as polymer solid electrolytes in future solid-state battery applications.

1. Introduction

Lithium-ion batteries (LIBs) have become essential in the quest toward
sustainable energy solutions powering a wide range of electronics, cell-
phones, and electric vehicles.[":] Nonetheless, safety concerns about
these batteries have persisted as a significant problem for industry
experts in recent years. Liquid electrolytes based on organic solvents,
which exhibit low thermal stability and high flammability, are combus-
tible, commonly used in conventional lithium-ion batteries and pose a
safety risk.** Should the battery overheat, it may produce internal
pressure or leak out the electrolyte and ignite. In order to significantly
mitigate this risk, non-flammable electrolytes are needed.F®! The
industry is reluctant to give up energy density in order to ensure
the safety of batteries, although interest in reformulating the electrolyte
into extremely non-flammable states like solid or quasi-liquid states is
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window.['2714] Nonetheless, ILs" liquid nature
presents a number of difficulties for their appli-
cation in energy storage devices, including high
viscosity leading to expected lower conductivity upon salt addition,
packing, portability, and leakage concerns.

Ionogels have become a viable quasi-solid electrolyte solution to
address these issues. Ionogels are a class of biphasic liquid-solid mate-
rials that are generally made by confining ILs in a solid matrix. They
provide improved stability over time and keep all of the favorable char-
acteristics of ILs, with the exception of ﬂowabﬂity.m These confining
networks may be made of silica,/"*! polymers,!'®) or hybrid!'”'®]
organic—inorganic networks. The chemical and textural characteristics
of the confining network, the volume ratio between the IL and the con-
fining network, and the nature of the IL allow for the tuning of the
ionogels’ properties..'® In particular, polymers are excellent confine-
ment candidates for ILs to create ionogel electrolytes, which act as both
an electrolyte and a separator. Ionogel electrolytes are also sometime
shown to have more thermal stability than liquid electrolytes, which
would allow lithium batteries made of ionogels to function across a
larger temperature range.!"'***1 Tonogels also appear to be promising
for lithium metal battery applications for their ability to slow down the
growth of lithium dendrites. Three basic mechanisms by which iono-
gels prevent the formation of lithium dendrites have been highlighted
by recent theoretical studies: Firstly, the high tortuosity of the mechani-
cally robust host network inhibits dendrite growth; secondly, they can
form a dense SEI on the lithium anode; and thirdly, the electroosmotic
flow of nanopores effectively regulates lithium-ion transport, thereby
reducing the driving force for dendrite formation.!*!]

While ionogels have demonstrated interesting results in lithium-ion
batteries, little is understood about how the diffusion of lithium ions in
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Figure 1. a) Pq144FSI ionic liquid. b) LiFSI salt. ¢) Acrylic acid monomer.

the confined states differs from that in liquid states (balance between
vehicular and Grotthuss-like mechanism, influence of the interface with
the host network) and how this affects the devices’ performance.
Although pyrrolidinium-based ILs have been widely studied for battery
applications, recent studies have shown better performance for
phosphonium-based ILs especially at higher salt concentrations.**! Par-
ticularly, trimethyl(isobutyl)phosphonium bis(fluorosulfonyl) imide
(P11134FSI) IL has shown a wide electrochemical window, decent ionic
conductivity, and reversible cycling different anodes and
cathodes.?***! The acrylic acid monomer (Figure 1c) used herein was
selected due to its low molecular weight, good confining properties,
and compatibility with lithium-ion batteries, having been used as PAA
binder for electrodes.””®! In this study, we synthesized acrylic-acid-
based ionogel by confining Py;;;4FSI IL in acrylic acid polymer by
in-situ photopolymerization.

Photopolymerization is a well-known polymerization technique due
to its relatively fast process, with a gel point attainable within a short
duration of exposure to UV radiation.[***] Unlike thermal polymeriza-
tion, the polymerizable precursor used in photopolymerization does
not require the inclusion of rheological stabilizers to avoid creeping
prior to heating; it can be cured immediately after deposition. In addi-
tion, UV curing uses less energy and is cheaper than thermal
polymerization.

We examined by pulsed-field gradient nuclear magnetic resonance
(PFG-NMR) the influence of lithium salt concentration and temperature
on the diffusion of ions in both the non-confined liquid and the con-
fined (ionogel) electrolytes.

2. Results and Discussion
2.1. Diffusivity of lons by PFG-NMR

"H NMR can be used to follow the P, ;4" cations since their structure
includes hydrogen. Likewise, since fluorine atoms are only present in
the FSI (and not in the IL cations), FSI anion diffusion can be deter-
mined using '’F NMR."*?! “Li NMR can therefore be used to monitor
the self-diffusion of Li ions using the same principle. Generally, a spe-
cies’ molecular weight, size, shape, charge, and solvation environment
determine its diffusion coefficient. As a result, these diffusion studies
also shed light on the interactions between molecules.

2.1.1. Self-Diffusion Coefficients

Effective ion transport, particularly high Li* mobility, is crucial for
achieving optimal device performance. Therefore, we investigated the
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temperature-dependent diffusivity of Li* ions in both liquid and
AA-ionogel electrolytes from 20 to 80 °C, presented in Figures 2 and
3. As expected for the non-confined IL, lower concentration (1 m LiFSI)
of lithium salt exhibits significantly higher ion diffusivities compared to
higher concentration (3 m LiFSI). This trend can be attributed to the
higher viscosity associated with the substantial increase in salt concen-
tration within the ionic liquid (IL). Remarkably, the changes in diffu-
sivities between 1 and 3 M LiFSI are less drastic in the confined ionogel
electrolyte compared to the non-confined IL (Figure 4). For instance, at
80 °C, the 'Ii diffusion coefficients in the non-confined ionic liquid
(I) decreased from 1.57x107'° to 6.55X 10" "' m’s™' upon
increasing the salt concentration from 1 to 3 M. In contrast, a minor
decrease from 9.28 X 107" t0 7.16 X 10~ "' m”s~' was observed for
the confined IL. This result indicates the strong influence of the con-
finement, probably the influence of interactions at the interface between
the liquid and polymer matrix.”)

For both electrolytes (confined and non-confined), a key observa-
tion from the plots (Figures 2 and 3) is the contrasting behavior of
Li diffusion coefficients across different salt concentrations. At lower
concentrations, the diffusivity of F (Dg) generally appears highest,
followed by Dy and Dy;. However, upon increasing salt concentra-
tion, we observe a significant increase in Dy;, potentially exceeding
the values for Dy and Dy This trend in ion diffusivity aligns with
previous observation on non-confined ILs by Girard et al.,!''? who
reported Dp; > Dy at LiFSI concentrations exceeding 2.0m in
P114FST at 22 °C. This faster Li diffusion compared to the Pjjj;"
cation at salt high concentration in the non-confined electrolyte has
been attributed to structural rearrangements induced by higher salt
content. These rearrangements ultimately lead to a shift in the Li
transport mechanism, transitioning from a vehicular-type to an alkali
metal (Li*) cation hopping mechanism.[''"*>?%) The latter involves
ion-exchange and rearrangement of the Li* coordination environ-
ment, facilitating Li* hopping across a more interconnected
network.

Figure 4 compares the Li* diffusivity (Dy;) in non-confined and con-
fined electrolytes across a range of temperatures. At low salt concentra-
tions (1 m LiFSI), Dy; values are comparable between the two systems at
lower temperatures. Interestingly, at high salt concentrations (3 M
LiFSI), Dy; remains consistently higher in the ionogel compared to the
non-confined electrolyte across all temperatures. Taking a look at
the slopes of the plots, there exists a difference between the two sys-
tems. At low salt concentration, a lower slope for confined IL signifies a
smaller activation energy (E,) compared to the non-confined IL (see
Section 2.1.3), which is consistent with what is observed for high salt
concentration: lower E, and higher D;; whatever the temperature for
confined ILs. Higher slopes for the non-confined ILs suggest a
temperature-dependent electrochemical performance due to viscosity,
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tial restriction imposed by the matrix. However,
the remarkably high Dy; values observed in
ionogel electrolytes confirm an enhancement
effect arising from the liquid—polymer interface.
The two phases in the ionogel are interpene-
trated, forming a bicontinuous interface. By
confining the ionic liquid electrolyte within the
acrylic acid polymer matrix, the ionogel exhibits
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Figure 2. Diffusivity of the ions in non-confined electrolyte at a) 1m LiFSI and b) 3m LiFSI

concentration measured from 20 to 80 °C.

T
32
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e o AB=12 improved macroscopic transport properties,

attributed to higher lithium self-diffusion facili-
tated by interactions at the liquid—solid interface.
Previous work by Demarthe et al. has shown
that the enhanced ion diffusion observed in
ionogels could be due to new pathways for ion
movement created by the solid-liquid interface,
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Figure 3. Diffusivity of the ions in AA-based ionogel electrolyte (70% IL confined) at a) 1m LiFSI and

b) 3 m LiFSI concentration measured from 20 to 80 °C.
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Figure 4. Lithium-ion diffusivities in liquid and confined state at 1m LiFSI
and 3 m LiFSI concentrations measured from 20 to 80 °C.

which could explain why cells assembled with these electrolytes needed
to be cycled at 50 °C in previous studies to achieve good electrochemi-

cal performance.['""*]
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which suggest a hopping-like/exchange mecha-
nism for Li transport in the high salt concentra-
tion phosphonium electrolyte,
uncertainties remain regarding the dominant
mechanism governing Li* transport in both elec-
trolytes at high salt concentration. While the aforementioned mecha-
nism implies a more efficient Li transport process, further investigation
is needed to solidify this hypothesis. Several studies have utilized diffu-
sion coefficients obtained from PFG NMR to estimate the transference
number of the lithium ion in electrolytes.”*'** This work employs a
similar approach, but instead of “transference number,” the term
“apparent transport number” or “diffusivity ratio” is used. This distinc-
tion is important because the method employed here includes the trans-
port of charge-neutral ion clusters and does not involve the application
of an electric field, a key component of traditional (electrochemical)
transference number measurements. This ratio provides valuable
insights into ion transport behavior, complementing the existing
understanding. The diffusivity of the lithium ion is calculated using the
following Equation (1):

some

Dratio; = L (1)
2.xiD;

Dratio; corresponds to the diffusivity of ion i with respect to all the
ions in the electrolyte, x; the molar fraction of ion;, and D; the self-
diffusion coefficient of ion i in m*s ™.

A substantial increase in diffusivity ratios is observed at 3 m LiFSI
compared to 1M LiFSI, for both confined and non-confined electro-
lytes. This aligns with previous ﬁndjngs[zz’aa] that associate higher dif-

fusivity ratios with a hopping/exchange transport mechanism,

© 2024 The Author(s). Energy & Environmental Materials published by
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2.2. ’Li Activation Energy

Lithium-ion batteries rely on the reversible
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at a) 1m LiFSI and b) 3 m LiFSI concentrations measured from 20 to 80 °C.

typically seen in highly concentrated systems due to the presence of
more lithium ions in the electrolyte. As illustrated in Figure 5, the
non-confined electrolyte exhibits a consistently higher diffusivity ratio
compared to the ionogel across all temperatures and concentrations
investigated. This finding aligns with the expectation of lower Dratios
in ionogels due to their lower ionic liquid (IL) content (70 wt% in
this study).

While a high IL content is generally preferred in ionogels to opti-
mize their electrochemical properties due to the dominant role of the
confined IL, the polymer component is crucial for ensuring their
mechanical integrity. In this study, a 70/30 IL-to-polymer weight ratio
was chosen to achieve a desirable balance between mechanical strength
and ionic conductivity. While further optimization could potentially
increase the IL content, the Dratios obtained for the 70 wt% ionogels
remain remarkably high, exceeding predictions calculated based on
their composition with respect to the values obtained for the non-
confined IL. This observation signifies efficient and relatively rapid lith-
ium transport within the ionogels. It is possible that a further increase
in the IL content, toward values like 80% or 90%, could potentially lead
to even higher Dratios within the ionogels.

Moreover, the temperature dependence of lithium diffusivity differs
significantly between these systems. While the non-confined electrolyte
shows a slight increase in diffusivity ratio at temperatures exceeding
50 °C, the ionogels exhibit minimal temperature impact.**! This fur-
ther supports the results of Kerr et al.**! on non-confined ILs, indicat-
ing a more efficient Li" transport mechanism at moderate temperatures
(50 °C) and high salt concentrations in P;;;4FSI phosphonium-based
electrolytes. This suggests that ionogel electrolytes, with sufficient con-
ductivity and good interfacial properties, could potentially offer compa-
rable electrochemical performance at room temperature to that
achieved by liquid electrolytes at higher temperatures.

2.1.3. Activation Energy

The activation energy (E,) reflects the minimum energy barrier that
must be overcome for diffusion to occur. The values of E, can be deter-
mined from the slopes of the In(D) vs 1/T plots presented in Figures 2
and 3, covering a temperature range of 20-80 °C. The reported diffu-
sion coefficients of the electrolytes were calculated using Equation (2)
and follow the Arrhenius relationship.
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1000/T (K™)
Figure 5. Lithium diffusivity ratios in the non-confined, confined state and expected by calculations

migration of lithium ions (Li*) between the
electrodes during charging and discharging. The
electrolyte facilitates the transport of both Li*
cations and the counter-ions (anions) from the
lithium salt. Additionally, separators are crucial
for maintaining physical separation between the
electrodes while enabling ion movement. There-
fore, optimizing Li* diffusion within the electrolyte is paramount for
efficient battery operation.

The non-confined electrolyte exhibits a decreasing activation
energy (E,) with increasing salt content from 1 to 3w LiFSI (Figure
6a). This is in agreement with the shift in the transport mechanism,
possibly toward a more efficient hopping/exchange process at the
interface. For the confined IL, the E, of 1i diffusion remains rela-

32 33 34 35

tively unaffected by salt concentration, but in this case, the 'Li Ea is
unambiguously lower for the ionogel system compared to that in the
non-confined electrolyte, with tendencies as well as values fully con-
sistent with some recent work reported with another polymer host
network and a TFSI anion.P”] This shows that Li* diffusion in iono-
gels is inherently easier and more efficient than in the non-confined
case, potentially even at lower salt concentrations. Consequently, it
appears that ionogels offer the possibility of achieving good electro-
chemical performance without the need for high salt concentrations,
a strategy often associated with low lithium diffusivities at low con-
centration in liquid electrolytes.

2.3. "H and "°F Activation Energy

Our investigation also focused on the transport behavior of both the
P14 cation and FSI~ by analyzing their respective ' and '°F activa-
tion energies. Interestingly, the 'H activation energies of the non-
confined IL and the ionogel were nearly identical at Owm LiFSI
(Figure 6b). However, upon addition of lithium salt, an increase in 'H
activation energy was observed with increasing salt concentration, obvi-
ous for the non-confined ILs, and slight, maybe within the experimen-
tal uncertainty for the confined ILs. This disparity aligns with the
previously observed decrease in ’Li activation energy in the non-
confined state at higher LiFSI concentrations suggesting an ease in the
diffusion of Li ions and a relatively difficult Py, ;4" diffusion. Collec-
tively, these observations confirm a change in the transport mechanism
from vehicular to ion-hopping. However, in the confined case, there
seems to be no significant changes in the "H activation €nergy across
the investigated salt concentration suggesting a lesser impact of a highly
concentrated electrolyte.

Analysis of the '°F activation energy (Figure 6c), representing the
sole anion in the system, offers insights into FSI” mobility. Interest-
ingly, '°F activation energies for the non-confined and confined ILs are

© 2024 The Author(s). Energy & Envir | Materials published by
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in Figure Sla, Supporting Information). It is
worth noting that the reported values account

Non-confined Non-confined

AA Tonogel AA Tonogel
(c)
50
B oM LiFSI

) B M LiFSI
£ 40 I 3M LiFSI
=

2

e

29304

5 R

=

m

=

.S 20

K]

2

5

< 10
&

0

Non-confined

AA Tonogel

Figure 6. Activation energy (E,) of the liquid and ionogel electrolytes at 0, 1, and 3m LiFSI

concentration by a) "Li-NMR, b) "H-NMR, and c) "’F-NMR.

for both the contained ionic liquid and the con-
fining network when calculating the overall
conductivity of the ionogel. At both low and
high salt concentrations, the ionogel exhibits
remarkably high ionic conductivities (1.5 and 1
mS cm™' even at room temperature, respec-
tively) compared to values obtained for solid
ceramic electrolytes like LLZO (0.3 mS
em™")P! or NASICON-type LAGP (0.3 mS
an™ B’ despite being solid-state materials
with just 70 wt% of IL confined, suggesting
their potential application in lithium-ion
batteries.

A broad electrochemical window is crucial
for tailoring electrolytes to  advanced
lithium-ion batteries, particularly those utiliz-
ing high-voltage cathodes for enhanced
energy density. Figure 7b depicts a typical lin-

() Temperature (°C) (b) ear sweep voltammogram (LSV) of the iono-
Ly D0 0L 607 50 M0] 30 200 10 0 6 gel electrolytes at both low and high salt
concentrations, revealing their electrochemical
_ stability up to 5.3V vs Li*/Li% at 0.1 mVs ™'
=24 410 = 0.05 . e . .
_ ., g at 50 °C. This stability aligns with the onset
- - ) —~ . . .
g R R £ 1 of degradation of the liquid electrolyte
3 . : . . .
31 R LS &E’ 0.00- (Figure Slb, Supporting Information) also
Kt . s = reported by Girard et al,!''! indicating that
=]
4] Jos § 55 the incorporated acrylic acid monomer does
not introduce additional limitations. The
= IM AA ionogel electrolyte (70 wt.% IL, 30 wt.% polymer) —— IM AA ionogel clectrolyte (70 wt.% IL, 30 wt.% polymer)
_ = 3V A% ionogel slecrolyte (70 wi% L. 30 wi% polymer) | o 10 = A fenogel ety (10 w1.2% 1L 30 w1.% polymen peaks observed between 0 and 1.5V vs
28 30 32 34 36 0 I 2 3 4 5 ¢ Lit/Li% are associated with the formaton of
1000/T (K™ E(V vs Li7Li") the SEI which was also observed for the non-

Figure 7. a) Temperature dependency of the

ionic conductivity and b) electrochemical stability

confined electrolytes.!''] This wide stability

window of the ionogel electrolytes.

nearly identical at 0 M LiFSI, suggesting comparable initial mobility in
the absence of lithium salt. However, upon salt addition, the liquid
electrolyte exhibits a significant increase in E,, reflecting a hindered FSI
mobility. While the ionogel also shows a similar trend, the difference
in E, is less significant, suggesting comparatively easier anion move-
ment even at higher salt concentrations, which is consistent with part
of the Ii" cation in interaction with the interface with the polymer and
thus less coordinated with the anion.”**! Guyomard-Lack et al.””! dem-
onstrated that aggregated, structured regions systematically present in
bulk ionic liquids (ILs) become disrupted at the interface upon confine-
ment. This “destructuring” of aggregated ion pairs or domains in the
ILs enhances lithium diffusion, as evidenced by the lower activation
energy observed for the ionogels.

Energy Environ. Mater. 2024, 0, e12811
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window suggests that the ionogel electrolytes
could be viable for use with cathodes like
LiFePO, (LFP), LiNi, Mn,Co,, O, (NMC),
LiNi, ,Mny 5,0, (INMO), and LNiO, (INO), which typically
operate within this potential window.

The reversible lithium ions transport through these ionogels and
their possible use as solid state electrolyte were validated by cycling
them in symmetrical lithium/ionogel/lithium coin cells. Various cur-
rent densities (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and lrnAcrnfz) were
applied to the ionogels for 1 h during both plating and stripping, with
5 cycles performed at each current density. The evolution of polariza-
tion was systematically monitored throughout this process. Figure 8
illustrates the voltage response of the ionogels at different current densi-
ties. Both ionogel concentrations (1 and 3 M) demonstrated the capabil-
ity to sustain current densities up to 0.4 and 0.6mAcm 7,
respectively, with minimal polarization. However, at higher current

© 2024 The Author(s). Energy & Environmental Materials published by
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IM AA ionogel electrolyte

3M AA ionogel electrolyte

energy storage devices. In light of these promis-
ing results, our ongoing research efforts are
focused on evaluating the cycle life of these
ionogel electrolytes within Li-ion battery config-
urations. The findings from this next phase will
be presented in a forthcoming publication dedi-
cated to the electrochemical performance of the
AA-based ionogels in both half- and full-cell
lithium-ion batteries.

T T T T T
0 20 40 60 80 100 120 0 20 40
Time (h)

Time (h)

T T T
60 80 100 120

4. Experimental Section

024 0.1 mAcm™ 0.2 4

IM AA ionogel electrolyte

0.1 mAem2

Materials: The acrylic acid monomer used to prepare
the confining network and the photo-initiator 2-
hydroxy-2-methylpropiophenone were both purchased
from Sigma-Aldrich. The ionic liquid,
trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)
imide: P;14;4FSI (Cytec Industries, >99.5%), was pur-
chased from Boron Molecular (Australia), and the lith-
ium salt, bis(trifluoromethanesulfonyl) imide lithium
salt (LiFSI), was obtained from Solvionic.

Electrolyte solution and ionogel preparation: The

T T T T T T
0 20 40 60 80 100 120 0 20 40

Time (h)

Figure 8. Plating/stripping cycles of lithium symmetric cells with the ionogel electrolytes at variable

current densities (a and b) and fixed current density (c and d).

densities, significant polarization was observed, suggesting dendrite for-
mation or electrolyte decomposition. It is worth noting that the 3 m
ionogel electrolyte shows a lesser polarization than the 1M ionogel.
This result is in agreement with previous work by Anastro et al.l*®]
where a high electrolyte concentration facilitates cycling at high current
densities despite their lower ionic conductivity. These findings establish
the safe operational current limit for the ionogels to be below
0.3mAcm”* for the 1 M ionogel electrolyte and below 0.6 mA cm ™
for the 3 M ionogel electrolyte. Additionally, a constant current density
of 0.1 mAcm > was applied to assess the ionogels’ behavior over
extended cycling. The ionogels exhibited stable polarization over more
than 45 cycles under this constant current density, indicating their sta-
bility for long-term cycling applications.

3. Conclusion

This study investigated the transport properties of acrylic-acid-based
ionogel electrolytes. Notably, for the confined phase within the iono-
gels, a significantly better Li* diffusivity is obtained compared to the
equivalent non-confined liquid. The Li* diffusivity in the non-confined
state further increases with higher lithium salt concentrations and tem-
perature in contrast to the ionogel with maintained diffusivity. This
enhanced Li* transport in the confined state compared to the non-
confined one is evidenced by lower activation energies for the ionogels
suggesting that interactions at the interface between the ionic liquid
and the confining polymer matrix enhance Ii* transport. Additionally,
the acrylic-acid-based ionogel electrolytes demonstrate good ionic con-
ductivities (above 1 mS cm™") and a wide electrochemical window
(up to 5.3V vs Li*/1i%, suggesting their potential applicability in

Energy Environ. Mater. 2024, 0, 12811

3M AA ionogel electrolyte

Time (h)

6 of 7

electrolyte solution was prepared by dissolving LiFSI in
P141i4FSI with a concentration of 1m (0.1877 g of Li FSI
salt in 1 mL of Py434FSI) and 3 m (0.5631 g of LiFSI salt
in 1 mL of P;17,4FSI) at room temperature in an argon
filled glove box. The resulting electrolyte solution is
then confined in the acrylic acid polymeric network
thanks to the following procedure: The monomer was
mixed with the electrolyte solution (IL) in the [30]/70
weight ratio of [monomers]/IL. Then, 1% wt of 2-hydroxy-2-methylpropiophenone
was added. 2 h of magnetic stirring, at ambient atmosphere, ensured a good dis-
persion of the monomers inside the IL. The liquid precursor was transferred into a
Teflon mold of diameter 3 mm and depth 15 mm to fit the NMR rotor, and
12 mm diameter, 0.5 mm depth for the electrochemical samples. The precursor
was thereafter irradiated using UCUBE-365-025 (250 mW cm™2) from UWave.
After 5min of irradiation, a fully confined network can be obtained. Lastly, each
sample was dried at 60 °C under vacuum for 24 h to remove residual water below
50 ppm in the solid electrolyte prior to any NMR or electrochemical experiments,
thereby reducing the driving force for dendrite formation.?"

Diffusivity of the electrolyte ions: Using pulsed-field gradient nuclear mag-
netic resonance (PFG-NMR), the self-diffusion coefficient of each individual ion
in the electrolytes was determined®® because each ion contains a particular
nucleus which can be examined by NMR. The measured self-diffusion coeffi-
cients show the contributions from every type of ion and without discriminat-
ing between associated and dissociated species. Comparing the overall
conductivity measured through PFG-NMR to that measured by electrochemical
impedance spectroscopy (EIS) could offer information about the degree of ion-
icity (free ions) in addition to being helpful for determining the diffusivity of
species, specifically while comparing non-confined vs confined ions. The diffusiv-
ity of each individual ion in the electrolytes was measured using a pulse-field
gradient stimulated echo (PFG-STE) pulse sequence utilizing a Bruker Avance Il
300 MHz wide bore spectrometer equipped with a 5mm Diff50 PFG probe.
The measurements were made of the diffusivities of the following nuclei: 'H,
", and ’Li, which represent the IL cation, FSI anion, and Li ion, respectively. In
order to prepare the electrolytes for examination, an argon-filled glovebox was
used to fill a 4mm NMR rotor. The rotor was then placed in a 5mm NMR
tube and sealed with a cap and Teflon tape!"™*” Using 'H, F, and “Li NMR,
the diffusivity of the IL cation, FSI anion, and Li* was determined, respectively.
Measurements were taken for each sample at intervals of 20 °C from 20 to
80 °C. To achieve thermal equilibration, a waiting period of roughly 15 min was
allowed to elapse between measurements at various temperatures. In the Top-
spin software (version 3.5pl7), the T /T, relaxation analysis module was used to
calculate the self-diffusion coefficients, D. Each result is provided with a 5%

T T
60 80 100 120
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margin of error. It is noteworthy that the PFG-NMR approach takes into
account a given nucleus in the system, including those on free ions, ion pairs,
or larger aggregates, and as such provides average value of the self-diffusion
coefficient®")

Electrochemical characterizations: Electrochemical impedance spectroscopy
(EIS) was used to measure the ionic conductivity of the solid polymer electrolyte
between two stainless-steel blocking electrodes at different temperatures (0—
80 °C) in incremental steps of 10 °C. The measurement range was 184 kHz to 100
mHz with a sinus amplitude of 150 mV. Using the previously outlined procedure,
free samples with an average thickness of 500 pm were generated for this mea-
surement. All potentials are expressed in relation to metallic lithium. By using lin-
ear sweep voltammetry (LSV) between lithium and stainless-steel electrodes at
scanning speeds of 0.1mV s~ from OCV to 65 and —1V for the positive and
negative electrodes, respectively, the electrochemical stability window at 50 °C
was investigated. Lithium/ionogel/lithium symmetrical coin cells were also assem-
bled to evaluate the stripping/plating ability of the synthesized ionogels. All
electrochemical experiments were monitored using a VMP Biologic potentiostat/
galvanostat operated with EC-Lab software and using Swagelok cells.
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