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In this study we report for the first time the application of an emerging bio-based solvent derived from lactic
acid, namely 5-methyl-1,3-dioxolane-4-one (LA-H,H), as an electrolyte component for lithium-ion batteries
(LIBs). Electrolyte formulations consisting of this novel bio-solvent and imide conducting salts (i.e. lithium bis
(trifluoromethanesulfonyl)imide, LiTFSI, and lithium bis(fluorosulfonyl)imide, LiFSI) and the additive vinylene
carbonate (VC) are prepared and thoroughly evaluated. Resulting formulations demonstrate suitable transport
properties (e.g., conductivity, viscosity) and considerably low flammability compared to standard electrolyte
formulations. The compatibility of the novel imide-based electrolytes with benchmark active materials such as
graphite (GR) and lithium iron phosphate (LFP) are explored. The results indicate that the use of LA-H,H-LITFSI
1 M5 wt% VC allows high electrochemical performance in terms of rate-capability and cycling stability for
both the graphite (339 mA h g~ at 1C) and the LFP (100 mA h g™ at 1C) electrodes. The suitability of this novel
electrolyte configuration was further demonstrated through the assembly of a lab-scale full-cell LIB showing
remarkable rate capability and cycling stability. These results indicate that LA-H,H can be used as an electrolyte
component for LIBs, and pave the way for its use as bio-based solvent in energy storage systems.

1. This work introduces a novel bio-based and biodegradable solvent, namely 5-methyl-1,3-dioxolane-4-one (LA-H,H), for
lithium-ion batteries. LA-H,H can be produced from biomass derived synthons, such as lactic acid, which reduces the
burden associated with conventional electrolyte components, generally relying on non-renewable sources.

2. The use of a bio-derived solvent along with imide-based salts overcomes some inherent limitations of conventional electrolytes,
such as HF formation or room temperature flammability. Besides, the herein studied formulations demonstrate similar transport
properties to those of conventional electrolytes produced from non-renewable sources and a wide voltage window.

3. The combination of this novel type of solvent with suitable bio-derived co-solvents and additives will be pursued with
the aim of improving the overall sustainability, safety and performance of lithium-ion battery electrolytes.

Introduction
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One of the main challenges of this century is the energetic
transition from fossil-based feedstocks to fully renewable
energy sources (RESs)." The recent escalation of extreme cli-
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matic events,>* combined with global warming due to green-
house effects,”” clearly underlines the need to reduce our
carbon footprint by moving from a linear to a circular
economy.® Within this framework, the energy storage systems
(ESSs) have a key role as RESs are unstable and intermittent.’
Among them, lithium-ion batteries (LIBs) have become one of
the most widely used energy storage devices® thanks to their
high energy density (up to 300 W h kg™),” long cycle life (thou-
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sands of cycles),” low self-discharge rate (<2% per month),""
and high versatility, which makes this technology suitable for
tailored design systems in both micro (e.g. electronics)'* and
macro scales (e.g. battery packs and uninterruptible power
supply systems)."™

The LIB energy storage mechanism relies on reversible
intercalation/deintercalation of Li" in the anode and cathode
materials. This process is mediated by the electrolyte, which
enables Li' transport between the electrodes. Despite the
effective storage performances being mainly defined by the
cathode and anode properties (e.g. specific capacity of active
materials, additives, binder, thickness, etc.), the electrolyte
also is a key component of LIBs that should not be over-
looked."* Proper electrolytes should have good transport pro-
perties’® (e.g. high ionic conductivity, low viscosity, high
lithium transfer number), high thermal and electrochemical
stability range, and low risk and ecotoxicity profiles (e.g. low
toxicity, bio-based and biodegradable natures).'®

One of the best well-known liquid-electrolyte formulations
is the so-called LP30,"” which consists of a 1 M solution of
lithium hexafluorophosphate (LiPF¢) conducting salt in a
binary equal-weight mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) solvents. Also, different additives
are generally added to the formulation (e.g. vinylene carbonate
- VC). Despite its good overall performances, EC/DMC-LiPFg
electrolytes have crucial concerns mostly related to safety
issues'® (e.g. emission of HF by LiPF, hydrolysis) and to the
use of EC, which is mostly produced from toxic compounds
(e.g. ethylene oxide) derived from non-renewable feedstocks
(e.g. crude oil). These last aspects have driven the development
of alternative liquid electrolytes intending to improve both
their safety and sustainability profiles, without compromising
the overall performance of the cell.'®™*

In the field of bio-based solvents, dioxolanes (DOXs) of
a-hydroxy acids (AHAs) family are emerging as alternative
dipolar aprotic solvents. Among them, 5-methyl-1,3-dioxolane-
4-one (LA-H,H) has recently found applications as dipolar
aprotic reaction medium for cross-coupling and nucleophilic
substitution reactions.’> Moreover, previous results have
shown that LA-H,H overcomes other DOXs in energy
storage applications thanks to its enhanced transport pro-
perties, enhanced ability to solvate electrolyte salts, and
extended electrochemical voltage window. Specifically, a solu-
tion of 1 M TEMABF, in LA-H,H achieved ionic conductivity
values of 8.5 mS cm™* at 20 °C, whereas formulations with
LA-H,Me and LA-Me,Me displayed only 1.5 and 0.2 mS cm™,
respectively.”?

Furthermore, LA-H,H proved to be biodegradable,>* and
computational investigations pointed out that in general DOXs
may have a non-toxic profile (non-mutagenic and non-carcino-
genicity).>* These previous findings, along with its bio-derived
origin and biocompatibility, position LA-H,H as a promising
solvent alternative for application in LIBs.

The DOXs can be prepared by AHAs ketalization promoted
by Brensted acids (e.g. p-toluensulfonic acid - p-TsOH) in a
multigram scale and with reasonable yield.”>**"*” Specifically,
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LA-H,H can be obtained by ketalization of lactic acid with a
proper carbonyl precursor (e.g. paraformaldehyde, trioxane).
The general reaction scheme for DOXs synthesis is reported in
Scheme 1. Ketalization and acetalization reactions are gener-
ally well scalable, an example of this process is represented by
solketal production starting from glycerol and acetone, which
can be conveniently implemented at industrial level.”®
Moreover, the mentioned precursors of LA-H,H are well-estab-
lished bulk chemicals, economically viable, and widely

exploited in the polymer industry.**" Those conditions are
fundamental characteristics of an alternative solvent
candidate.

In this study, we explore the feasibility of using LA-H,H as
solvent for LIBs in combination with two imide-based lithium
salts: lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
lithium bis(fluorosulfonyl)imide (LiFSI). These conductive
salts have attracted high attention from academia and industry
thanks to their advantageous features for energy storage appli-
cations, including high solubility, excellent associated conduc-
tivity, favorable Li" transfer number and robust thermal and
chemical stability.*>

More in detail, the wide electrochemical stability of LiTFSI
has enabled its use in various applications such as water-in-
salt electrolytes for electrochemical double-layer capacitors
(EDLCs) or lithium-sulfur (Li-S) batteries.****

However, although LiTFSI salt is widely known for its excep-
tional stability against spontaneous hydrolysis, its classifi-
cation as a per- and polyfluoroalkyl substance raises environ-
mental concerns.”®*® The presence of strong C-F bonds in
LiTFSI contributes to its significant persistence in the environ-
ment, and therefore to its potential bioaccumulation and bio-
magnification. Thus, the industrial application of LiTFSI in
LIBs needs to be strongly regulated and connected to a dedi-
cated disposal industry, otherwise, their leakage in the
environment can lead to global contamination (e.g. soil and
surface water) associated with health hazards (e.g. liver
injury).®”*® Besides, the high cost of LiTFSI has limited its
large-scale use. Combining economic and environmental con-
siderations with the chemical stability of this salt, its recycling
and reuse can be effectively achieved through water-based pro-
cesses. This kind of approach has recently been shown to be a
promising sustainable solution.*® In contrast, LiFSI is more

R" o
" R
R o o H
Carbohydrate —» R\}—( + )L ﬁ“ o0
fermentation HO OH R{™ "Re .m0 Y
1 N2

RR"R¢,Ry: H, CHs
DOX

LA-HH LA-H,Me LA-Me Me

(o) (o)

o

iBu-H,H iBu-Me,Me GA-Me,Me

Scheme 1 DOX synthesis scheme. In compound labels, the first two
letters refer to the parent AHA (LA, lactic acid; iBu, a-hydroxyisobutyric
acid; GA, glycolic acid), and the following letters refer to the substituent
groups in position 2 (—H, —CHz).
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susceptible towards spontaneous hydrolysis due to its weaker
F-S bonds.*”*! This reaction is notably pronounced under
specific conditions (e.g., in basic, acidic environments or at
elevated temperatures). Compared to LiPF salt, LiFSI exhibits
considerably lower reactivity with water, and there is no clear
evidence of HF formation at room temperature.*” From an
economic and environmental perspective, LiFSI appears as a
promising alternative salt due to its reduced price and lower
fluorine content.*® The safety profile assessment of the imide-
based salts should also consider their behavior in LIBs under
extreme conditions (e.g., fires or explosions). In particular,
potential thermal risks associated with these salts should not
be overlooked, since their thermal degradation can be readily
triggered under such conditions. This may eventually result in
significant exothermic heat generation and the release of reac-
tive radicals and hazardous anhydrides, such as SO, and NO,.
It is worth noting that the thermal reaction mechanism of the
salts is strongly influenced by the solvents used.**
Nevertheless, the intrinsic chemical stability of these imide-
salts in mild conditions (e.g. ambient temperature, moisture)
could also have a beneficial impact on the safety profile of
logistic operations (e.g. storage, transport). Overall, for further
development of LIBs with enhanced safety and sustainability,
it is of paramount importance to comprehensively assess the
chemical, environmental, and economic profiles of the salts
used. While being aware of the potential drawbacks of using
imide-based salts from the mentioned aspects, they are con-
sidered benchmark candidates for use with the bio-based
LA-H,H solvent in the LIB investigations.

Herein, we report a deep examination about LA-H,H-based
electrolytes prepared with both LiTFSI and LiFSI (1 M),
especially focusing on their transport properties, thermal be-
havior, and electrochemical performances in combination
with anode (graphite - GR) and cathode (lithium iron phos-
phate — LFP) benchmark active materials. The aim of this work
is to explore a new sustainable battery solvent, not the sustain-
ability of the used benchmark salts. From the investigation,
the use of a film-forming additive as VC proved to be necessary
since both electrolytes were unable to provide a stable solid-
electrolyte interface (SEI). The best electrolyte candidate, LA-H,
H-LiTFSI 1 M 5 wt% VC was successfully used to assemble a
full LIB cell.

Results and discussion
Electrolyte characterization

As previously noted, LA-H,H is evaluated herein as a novel
alternative solvent for application in LIBs. Besides its bio-
derived origin, pristine LA-H,H exhibits several appealing
solvent properties. A direct comparison with EC and DMC is
collected in Table S1.f The LA-H,H bio-solvent was employed
for preparing 1 M electrolyte solutions with LiTFSI or LiFSI
conducting salts. First, the transport properties of the electro-
lyte formulations and the pristine solvent were evaluated. The
viscosity was explored from —30 to 40 °C, while conductivity
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was investigated between —30 and 80 °C. Compared to the
pure solvent LA-H,H, both electrolytes displayed higher vis-
cosity values over the whole temperature range (Fig. 1a).
Nevertheless, it is worth mentioning that the viscosity value at
20 °C for pristine LA-H,H is comparable to that of EC/DMC
mixture (1.62 vs. 1.68 mPa s, respectively) as reported in
Table S1.f From the comparison of the viscosity and conduc-
tivity values of the imide-based electrolytes (Fig. 1a and b), it
can be appreciated that the transport properties of LA-H,
H-LiFSI were slightly better than those of its LiTFSI counter-
part. More in detail, the LiFSI-based electrolyte showed higher
conductivity values over the whole temperature range, and
lower viscosity between —30 and 0 °C. Overall, considering the
results at 20 °C, LA-H,H-LiTFSI reached 4.66 mPa s and
4.85 mS cm™', while LA-H,H-LiFSI achieved 4.33 mPa s and
6.22 mS cm™ . In both cases, the results are comparable with
standard formulations, such as 1 M LiPF in EC/DMC 1:1 vol
(n = 4.44 mPa s; 6 = 10.7 mS cm™"), and other solvent mixtures
with similar chemical nature like acetals (tetramethylglyoxal-
TMG and tetraethylglyoxal-TEG mixture with carbonates: # =
5-11 mPa s *; 6 = 3-4 mS em™").*” The volumetric expansion
coefficient of the pure LA-H,H solvent was also assessed (a, =
0.00101 °C™") over 0-80 °C temperature range (Fig. S17), which
is comparable to EC:DMC mixture (0.0012 °C™") and DMC
and EC (details in Table S1}). Overall, a low expansion coeffi-
cient of solvents and electrolytes would contribute to mitigate
the mechanical stress (e.g. overpressure) associated with temp-
erature variations.*®

At 20 °C, LA-H,H in LiTFSI and LiFSI electrolytes show a
density value of 1.30 g ecm™ and 1.27 g cm™> respectively
(Fig. S21). In order to get insights in the thermal stability of
the herein studied samples, thermogravimetric investigations
(Fig. 1c and d) were performed in both dynamic (10 °C min™"
thermal ramp) and isothermal modes (60 °C). Compared to
the pure solvent, in both cases the presence of lithium salts
tends to slow down the evaporation rate. This is reasonable
due to the relation between the increase of the vapor pressure
and the evaporation rate, caused by the establishment of
specific solvent-solute interactions typical of colligative pro-
perties.”” Under dynamic investigation, LA-H,H-LiTFSI and
LA-H,H-LiFSI reached respectively 90 wt% of their initial mass
at 75 °C and 78 °C, while the pure solvent reached this
threshold at 61 °C. Both imide salts showed decomposition
temperature in agreement with literature data®®*® (LiTFSI
above 300 °C, LiFSI 160 °C), and the residual masses in both
profiles (LiTFSI 2.5 wt%, and LiFSI 5.5 wt%) are mainly related
to residual decomposition products. In the isothermal con-
ditions at 60 °C, LA-H,H-LiTFSI and LA-H,H-LiFSI reached
57 wt% and 46 wt% within 25 min, respectively, while LA-H,H
reached 31 wt% within the same time. The evaporation rate vs.
water in the isothermal condition (water evaporation curve not
reported in Fig. 1d) was estimated after 5 min at 60 °C, and
both electrolytes resulted in evaporating 30-32% slower than
pure water. In all cases, the weight profiles were smooth,
suggesting that the solvent evaporation was not affected by
thermal degradation. The flash point of the pure solvent,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Viscosity measured from —30 °C to 40 °C, and (b) conductivity measured from —30 °C to 80 °C, (c) dynamic TGA from 30 °C to 550 °C,

and (d) isothermal TGA at 60 °C.

LiTFSI- and LiFSI-based electrolytes resulted to be 60 °C, 61 °C
and 60 °C respectively. These values are three times higher
than those of conventional EC/DMC-LiPFs systems
(22-24 °C),>**" which may contribute to improved handling
and storage safety under standard conditions. Nevertheless, it
is worth noting that the flash point alone is not a definitive
indicator of the overall flammability of the cell due to the sig-
nificantly higher temperatures reached in a real battery
thermal runaway event.

Following, the electrochemical stability windows of the
LA-H,H-based electrolytes (Fig. S3f) were explored using a
platinum (Pt) disc as working electrode. Both electrolytes
showed a lower limit of 0.06 V vs. Li*/Li, while LA-H,H-LiTFSI
showed a slightly higher upper limit (5.63 V vs. Li'/Li) com-
pared to LA-H,H-LiFSI (5.43 V vs. Li'/Li). Overall, a comparable
ESW of 5.4-5.6 AV was achieved by the two LA-H-H-based elec-
trolytes. To validate the ESW results, a different working elec-
trode - glassy carbon (GC) was used instead of platinum.

For the LA-H,H-LiTFSI electrolyte, a reasonable ESW of 4.9
AV was demonstrated. In both cases, the obtained ESW ranges

This journal is © The Royal Society of Chemistry 2025

are enough also to consider their application in other energy
storage devices (e.g. 1,3-dioxolane is used in Li-S batteries),>?
and as reaction media for organic electrosynthesis (e.g. proble-
matic dipolar aprotic solvents like THF and DMA are com-
monly used).>®

Electrochemical and thermal stability results, combined
with transport properties (collected in Table 1), make these
electrolytes suitable candidates for their investigation in LIBs
devices.

Half-cell: graphite electrodes

The electrochemical stability of the two electrolytes was first
assessed without additives in a half-cell 2-electrode configur-
ation versus metallic lithium using GR as the working electrode
(Fig. S4a and bf). In both cases, the electrolytes were not
stable during the first lithium intercalation process, showing a
plateau at 1.0-0.8 V vs. Li'/Li, characteristic of solvent co-inter-
calation and graphite exfoliation process.>* As a result, the fol-
lowing cycles recorded at 0.1C displayed a low capacity that
was further reduced upon cycling. This could be related to the

Green Chem., 2025, 27, 5040-5050 | 5043
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Table 1 Relevant parameters were measured for 1 M LiTFSI and 1 M
LiFSI in LA-H,H electrolytes

Electrolyte

Parameter Units LA-H,H-LiTFSI1 M  LA-H,H-LiFSI 1 M
Viscosity” [mPa s] 4.66 4.33
Conductivity® [mS em™] 4.85 6.22
Density” [g em™] 1.30 1.27
Flash point [°C] 61 60
Ecathodic [V vs. Ag] —2.99 —-2.99

[Vvs. Li'/Li]  0.06 0.06
Esnodic [Vvs. Ag] 2.58 2.38

[Vvs. Li'/Li]  5.63 5.43

“Values measured at 20 °C.

strong solvation shell created between the LA-H,H molecules
and the Li' ion, as typically observed also for similar carbonate
solvents like propylene carbonate.”® To overcome this issue,
VC was included in the electrolyte formulations to stabilize the
graphite surface during the first cycles through the formation
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of a stable solid electrolyte interface (SEI).>*"® In the begin-
ning, VC was added to the electrolytes up to 2 wt%, but the
solvent co-intercalation effect happened similarly in the case
of LiFSI (Fig. S4ct). On the other hand, the LA-H,H-LiTFSI
2 wt% VC showed a more promising potential profile for the
first cycle at 0.1C (Fig. S4d¥), showing the typical intercalation
potential profile, albeit with a very low coulombic efficiency
(Fig. S4et). However, the subsequent cycles marked the GR
electrode instability during the C-rate test (Fig. S4ff).
Therefore, the amount of additive was raised to 5 wt%, result-
ing in a reversible intercalation process for the LA-H,H LiTFSI
1 M electrolyte as shown by the galvanostatic charge/discharge
profile of the first cycle at 0.05C (Fig. 2a). This is corroborated
by the appearance of three characteristic plateaus at 0.20, 0.12,
and 0.08 V vs. Li'/Li, corresponding to the different lithium
intercalation stages into graphite. Furtherly, the superimposa-
ble profiles at 0.1C at the beginning (in red) and at the end (in
green) of the rate capability test (Fig. 2b) highlight the ability
to reversibly intercalate lithium ions after applying current
densities up to 2C. The cell with LA-H,H-LiFSI 1 M 5 wt% VC
electrolyte experienced a sharp specific capacity fade after

b) C-rate profiles - LA-H,H-LiTFSI 1M 5%w VC
1.00

01C
02C
05C
Last

01C

e

~

o
L

Potential [V vs Li*/Li]
o o
& g

0.00 . . T
0 100 200 300 400
Soecific capacitv ImAh a™1
d) Cyclability 1 C
4004, % % K k Kk Kk k k Kk Kk k k k Kk k k %k k k x k k100
Tm §
< 320 Lgo =
< 0000000000000 3
£ 9 Y c
e ) 2
o o s -—250 —1e0 B
] _K ) =
© o w
oy C.R. 80% o
O 1604 40 2
o £
= o
: 3
& %7 o LA-HH-LITFSI1 M 5%wt VC (2o
@ LA-H,H-LiFSI 1 M 5%wt VC
o O 0 O O O O O O O O A0 O O O O O O O O O o

0 20 40 60 80 100 120 140 160 180 20

Cycle number

Fig. 2 GR galvanostatic charge/discharge profile with LA-H,H-LITFSI 1 M 5 wt% VC of (a) 1° cycle at 0.05C, and (b) profiles at different current den-
sities over capability test. (c) Results from rate capability (5 cycles per each current density), and (d) cyclability (200 cycles at 1C). C. E.: coulombic

Efficiency. C. R.: capacity retention.
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cycling at 2C, proving to be unstable within the rate capability
test (Fig. 2c, potential profiles in Fig. S5a and b¥). To prove a
beneficial impact on the LiFSI electrolyte stability, the VC
amount was increased to 10 wt%. As shown in Fig. S6a and b,
the performance measured in both the rate capability and
long-cycling tests considerably improved. However, in this
case, the amount of additive necessary to stabilize the elec-
trode/electrolyte is relatively high. Further investigations may
be directed to its use in combination with other co-solvents,
but this aspect is outside the scope of this work.

Considering LA-H,H-LiTFSI 1 M 5 wt% VC, the low coulom-
bic Efficiency (C.E. 64%) obtained during the first cycle at
0.05C was probably related to irreversible processes involved in
the formation of the SEI. Noteworthy, at low current density it
almost reached the theoretical specific capacity (370 mA h
g~ '), while at the high current density of 2C, it was able to
retain around 195-200 mA h g~ (Fig. 2c), comparable to the
results obtained with EC/DMC-LiPFs; 1 M 2 wt% VC obtained
in a precedent investigation®® (220-230 mA h g'). In the
cyclability test operated with a current density of 1C (Fig. 2d),
LA-H,H-LiTFSI 1 M 5 wt% VC reached 160 cycles while retain-
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ing 80% of its initial capacity and very stable C.E. values
within 99.2-99.6%.

Half-cell: lithium-iron-phosphate electrodes

Investigation with LFP cathode materials using both imide-
based electrolytes was directly conducted using 5 wt% VC as
the lowest amount suitable to achieve proper stability with GE,
at least in combination with LiTFSI as conductive salt. In this
case, both electrolytes achieved a reversible lithiation/delithia-
tion process as shown by the galvanostatic charge/discharge
profiles of the first cycle at 0.05C (Fig. 3a and S7at), and by the
representative cycles at different current densities from the
rate capability test (Fig. 3b and S7bt). The 0.05C and 0.1C pro-
files clearly showed the typical delithiation plateaus at ~3.45 V
vs. Li"/Li,>®*®° which are related to the two-phase transition
comprising the release of Li' ions in the electrolyte and the
contextual oxidation of Fe(u) to Fe(m). Additionally, in this
case, the characteristic profile at 0.1C after the rate capability
test (in green and orange in Fig. 3b and Fig. S7bt respectively)
highlighted that current densities up to 5C may be applied
without compromising the active material crystalline lattice.

b) C-rate profiles - LA-H,H-LiTFSI 1M 5% VC
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Fig. 3 LFP galvanostatic charge/discharge profile with LA-H,H-LITFSI 1 M 5 wt% VC of (a) 1% cycle at 0.05C, and (b) profiles at different current den-
sities over capability test. (c) Results from rate capability (5 cycles per each current density), and (d) cyclability (200 cycles at 1C). C. E.: coulombic

Efficiency. C. R.: capacity retention.
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Rate capability and cyclability tests are shown in Fig. 3c and
d for both LiTFSI (in red) and LiFSI (in blue) imide-containing
cells. In the first cycle at 0.05C, a C.E. of 90.1% and 95.8%
were achieved with LA-H,H-LiTFSI 1 M 5 wt% VC and LA-H,
H-LiFSI 1 M 5 wt% VC, respectively. In the rate capability test,
the C.E. increased within the first cycles at 0.1C and remained
stable within 99.0-99.9% over the following cycles. The LiFSI-
based electrolyte overperforms its LiTFSI counterpart in terms
of capacity in the whole range of C-rates applied, achieving
140 mA h g~' at 0.1C and ~60 mA h g~ at 5C, while the
LiTFSI-based electrolyte delivered 134 mA h ¢~ and ~45 mA h
g7!) respectively. Considering the theoretical capacity of LFP
active material (170 mA h g'), both electrolytes gained
roughly 80% of the available capacity. However, this loss is
mainly related to the quality of the used active material since
comparable results were achieved also with LP30 (%140 mA h
g~ at 0.1C) as benchmark electrolyte (Fig. S87). As shown by a
long cycling test at 1C (Fig. 3d), both electrolytes retained
more than 80% of their initial capacity after 200 cycles with
comparable specific capacity (LiTFSI 106-85 mA h g™'; LiFSI
112-90 mA h g™"). It is worth highlighting that both electro-
lytes displayed excellent C.E. values (above 99.5%) along
cycling. Overall, the slightly higher performance achieved with
LiFSI can be mainly ascribed to its better transport properties
(viscosity and conductivity) as described in the previous
section. However, considering its incompatibility with GR (cf.
Fig. 2c), the LiTFSI-electrolyte 5 wt% VC was chosen for
further investigation in a full-cell setup.

Full-cell

Considering the promising results obtained from graphite and
LFP half-cells using LiTFSI in LA-H,H-LiTFSI 1 M 5 wt% VC, its
performance in a LIB full-cell configuration was evaluated. Prior
to full-cell assembly, the graphite anode was precycled and
lithiated to mitigate irreversible lithium loss on graphite during
the initial galvanostatic cycles of the full-cell (further details can
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be found in the Experimental section). The galvanostatic profiles
of the LIB at different rate capabilities are shown in Fig. S9at (1C:
170 mA g~ "). Specific capacity values delivered at corresponding
rates considering the total active mass of both electrodes are rep-
resented in Fig. 4a. The lab-scale LIB demonstrates a remarkable
rate capability, delivering ca. 85 mA h g™ at 0.1C and still retain-
ing a specific capacity above 60 mA h g™ at 2C.

It is worth noting that, despite showing an initial C.E. of ca.
80% in the first cycle at 0.05C, the reversibility of the cell
increased in the following cycles, reaching >96% at 0.1C and
>99.0% at the subsequent rates. Following the rate capability,
a long-term cycling test at 1C was performed (Fig. 4b). The
device demonstrated suitable cycling stability, retaining 78%
of its initial capacity after 200 charge/discharge cycles, coupled
with a constant C.E. of 99.8%. The voltage profiles of the LIB
full-cell and the potential profiles of its respective electrodes
(LFP and graphite) after 100 cycles at 1C are displayed in
Fig. S9b.t No evident signs of ageing were observed from the
LFP/graphite potential curves, displaying their respective
characteristic profiles for lithium intercalation.

These results indicate that the novel bio-based solvent (in
combination with LiTFSI and VC) enables efficient lithium
intercalation in the LIB full-cell. It is worth mentioning that
further cell optimization in terms of mass balancing and pre-
forming steps will be required to increase the electrochemical
features of the cell. Nevertheless, the suitable performance of
the herein assembled lab-scale LIB demonstrates the suit-
ability for the application of bio-based LA-H,H solvent in
energy storage applications.

Experimental

Chemicals and materials

The salts LiTFSI (Solvionic, 99.9%), LiFSI (Solvionic, 99.9%),
and VC (Thermo Scientific Chemicals, 98%) were directly used
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Fig. 4 LFP/graphite LIB full-cell with LA-H,H-LiTFSI 1 M 5 wt% VC. (a) Results from rate capability (5 cycles per current density), and (b) cyclability

(200 cycles at 1C). C. R.: capacity retention.
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without further purifications. The LA-H,H solvent was pre-
pared from lactic acid (Sigma-Aldrich, ~90%) and paraformal-
dehyde (Sigma Aldrich, for synthesis), using p-toluenesulfonic
acid (Sigma Aldrich, ACS reagent, >98.5%) as a catalyst and
petroleum ether bp 40-60 °C(Sigma Aldrich) as solvent.
Synthetic details for DOXs synthesis are already reported else-
where.”” Briefly, the reaction was performed at reflux under
vigorous magnetic stirring for 24 h using a Dean-Stark appar-
atus to remove water from the reaction mixture. Then the
crude mixture was cooled in an ice bath and treated with
Na,CO; for 30 min. The reaction crude was filtered, and the
volatile solvent evaporated under reduced pressure. The
product was then purified by vacuum distillation (8 mbar) at
36-38 °C (yield 60%, purity <99%) and characterized through
Nuclear Magnetic Resonance (NMR) with a Bruker Avance
Ultrashield 400 (Bruker Corporation) operating at the proton
frequency of 400 MHz. The following abbreviations have been
adopted, s, singlet; d, doublet; q, quartet. Product structure
was found in agreement with literature data:*>*> "H NMR
(400 MHz, CDCl;) 6 5.51 (s, 1H), 5.38 (s, 1H), 4.27 (q, ] = 6.8,
1H), 1.47 (d, J = 6.8, 3H). **C NMR (101 MHz, CDCl;) § 173.62,
93.93, 69.63, 15.82. Product purity was evaluated by "H NMR
analysis. An example of two 'H NMR spectra related to
different LA-H,H distillation portions (head and core fractions)
used to evaluate the sample purity are depicted in Fig. S10.f
Further details concerning contaminants and side products
identified during this investigation are included in Paragraph
S1.f

Before being used, LA-H,H was dried over 3 A molecular
sieves (sieves loading 10 wt%) for at least 48 h at room temp-
erature inside an argon-filled glove box. The water content was
confirmed to be below 10 ppm through Karl-Fischer titration
(C20 Coulometric KF Titrator, Mettler Toledo). All electrolytes
and cells (Swagelok) were prepared and assembled in a dry
atmosphere using an argon-filled glove box (MasterLAB,
MBraun).

Physicochemical characterization

The viscosities of the electrolytes were determined by a
Modular Compact Rheometer MCR 102 (Anton Paar
RheoCompass) using a plate-plate geometry at a shear rate of
1000 s~ ', and temperatures were controlled in a range from
—30 to 40 °C by a built-in Peltier element. Ionic conductivity
measurements were measured using a Modulab XM ECS
(Ametek SI) potentiostat while the temperature was controlled
by a climatic chamber (BINDER) from —30 to 80 °C.
Conductivity results were obtained using a two parallel pla-
tinized-platinum electrodes cell with a known cell constant, as
detailed in previous literature.®’ Density was measured using a
density meter DMA 4100 M (Anton Paar) in the range of
0-80 °C. Thermogravimetric analyses (TGA) were performed
using a PerkinElmer STA 6000 instrument under a nitrogen
atmosphere (purge rate 20 mL min~’; gas pressure of 2.2 bar).
Dynamic measurements were conducted using a heating rate
of 10 °C min™"* from 30 to 550 °C, while isothermal measure-
ments were performed at 60 °C for 24 h. Flash points were

This journal is © The Royal Society of Chemistry 2025
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measured, according to the EN ISO 3679 standard, using a
flash point tester NPV 310 model (Normalab) and a rapid equi-
librium closed cup method.

Electrode and cell preparation

The following active materials, binders, and additives have
been used for the electrode manufacture: graphite - GR
(TIMREX SFG 6, TIMCAL); carbon black Super P C65 - CB (C
ENERGY, Imerys); sodium carboxymethylcellulose - NaCMC
(CRT 2000 GA, Walocel); lithium iron phosphate, LiFePO,
(Stidchemie); styrene-butadiene rubber - SBR (Nanografil);
activated carbon - AC (Norit Supra 50); polytetrafluoroethylene
- PTFE (60 wt% aqueous dispersion, Sigma-Aldrich).

Slurries were prepared using a ball mill (Mini-Mill, Laval
Lab; 7 spheres, 5 min, oscillation frequency 50 Hz) to achieve a
homogeneous dispersion. Graphite slurries were prepared
using a mass ratio of 90:5: 5 respectively with graphite (GR),
binder (NaCMC), additive (CB), and water as a dispersant
(~3 mL g~ " vs. total powders mass). LFP slurries were prepared
using two binders (NaCMC and SBR) with the following mass
ratio 90:5:3.75:1.25 respectively of LiFePO,, CB, NaCMC,
and SBR. Graphite and LFP slurries were evenly cast respect-
ively on copper and etched aluminium foils (etching process
1 min at 60 °C in a 5 wt/v% KOH solution), and subsequently
dried at room temperature overnight. Then, electrode discs
were punched (@ 12 mm) and further dried overnight under
vacuum at 65 °C. The electrode mass loading was adjusted
through the wet thickness of the coater. The graphite electrode
active masses were 1.1-1.7 mg cm ™2, whereas the LFP electro-
des weighed 2.5-3.6 mg cm™>. Swagelok-type cells were
assembled with proper electrodes and a glass fibre separator
(Whatman GF/D, @ 13 mm).

Self-standing oversized active carbon electrodes were prepared
with the following mass ratio 85:10:5 respectively of AC, CB,
and PTFE as the binder. A premix of carbon powders was pre-
pared and placed into a beaker, then the PTFE binder was con-
secutively added. The mixture was kept under mechanical stirring
at 60 °C using ethanol (Sigma Aldrich, 96%) as dispersant solvent
until obtaining a smooth paste. The mixture was then placed on
a glass plate, evenly spread, and punched (@ 12 mm). Electrode
discs were dried first at room temperature for 12 h and sub-
sequently overnight under vacuum at 65 °C.

Electrochemical measurements

The electrochemical stability window (ESW) was evaluated using
a 3-electrodes cell setup with a Pt disc as a working electrode, an
Ag wire as a quasi-reference electrode, and a self-standing over-
sized AC (Norit) as the counter electrode. For the sake of compari-
son, the ESW measurements were also performed using the same
configuration but with a glassy carbon electrode as the working
electrode. Linear sweep voltammetry (LSV) measurements were
carried out at a scan rate of 1 mV s ' in two different cells to
determine the respective anodic and cathodic stability limits
(current threshold of +0.5 mA cm™2).

Graphite and LFP electrodes were investigated in a two-elec-
trode half-cell configuration, using a lithium disc simultaneously

Green Chem., 2025, 27, 5040-5050 | 5047
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as a counter and reference electrode. For graphite electrodes, gal-
vanostatic charge/discharge measurements were performed
between 0.005-2.0 V vs. Li*/Li at various C rates (1C: 372 mA g™ ),
followed by long-term cycling at 1C within the same potential
range. Analogous measurements were performed on LFP electro-
des within 3.0-3.8 V vs. Li'/Li (1C: 170 mA g™'). The specific
capacity and current densities reported are calculated on the
basis of active material mass of the electrode.

Prior to LIB full-cell assembly, the graphite electrodes were
subjected to a pre-formation step in a separate cell against
metallic lithium. The pre-formation protocol consisted in one
initial cycle at 0.05C and 10 cycles at 0.1C between 0.005-2.0 V
vs. Li'/Li followed by a last discharge at 0.1C to 150 mV. The
LIB full cells were then assembled using the as-preformed
graphite electrode as counter electrode, a LFP electrode as
working electrode, and metallic lithium as reference electrode.
An electrode active mass ratio of 3:1 (LFP to graphite) was
used for the full-cell assembly. Galvanostatic charge/discharge
measurements were performed at different C-rates (1C:
170 mA g~ '), within the cell voltage of 2.0-3.9 V vs. Li*/Li. The
measurements were followed by long-term cycling tests at 1C.
The specific capacity values in the full-cell were calculated
based on the total mass of LFP and graphite active materials.

All the electrochemical measurements were conducted
using a BioLogic VMP 3 or MPG 2 and an Arbin
LBT21084 multichannel potentiostatic-galvanostatic system.

Conclusions

In this study, we report for the first time the use of the bio-
based solvent 5-methyl-1,3-dioxolan-4-one as a component of
electrolytes for LIBs. Among the investigated electrolytes, the
LA-H,H-LiTFSi 1 M 5 wt% VC exhibits suitable physico-
chemical properties and large electrochemical stability. Its use
enables good rate capability and cycling stability in both
graphite (%339 mA h g~* at 1C) and LFP half-cells (%100 mA h
g~ at 1C). Furthermore, we show that LFP/graphite LIB full-
cell containing this innovative electrolyte displays outstanding
rate capability and high cycling stability, retaining 78% of its
initial capacity after 200 galvanostatic cycles at 1C.

It is important to remark that this bio-based solvent is bio-
degradable, it can be prepared using rather cheap chemicals
and, moreover, the chemical structure of the class of 1,3-dioxo-
lan-4-ones compounds could be tailored by proper choice of
substituents, achieving a potential panel of solvents with
tunable properties.

Taking these points into account, LA-H,H can be certainly
considered a promising solvent for LIB and, more in general,
for energy storage devices.
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