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Abstract: Lithium titanium oxide (Li4Ti5O12, LTO) is an attractive negative electrode for the devel-
opment of safe—next-generation—lithium-ion batteries (LIBs). LTO can find specific applications
complementary to existing alternatives for LIBs thanks to its good rate capability at high C-rates,
fast lithium intercalation, and high cycling stability. Furthermore, LIBs featuring LTO electrodes are
inherently safer owing to the LTO’s operating potential of 1.55 V vs. Li+/Li where the commonly
used organic-based electrolytes are thermodynamically stable. Herein, we report the combined
use of water-soluble sodium alginate (SA) binder and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)-tetraglyme (1m-T) electrolyte and we demonstrate the improvement of the electrochemical
performance of LTO-based electrodes with respect to those operating in conventional electrolyte 1 M
LiPF6-ethylene carbonate: dimethyl carbonate (LP30). We also tackle the analysis of the impact of
combining the binder/electrolyte on the long-term cycling performance of LTO electrodes featuring
SA or conventional polyvinylidene fluoride (PVdF) as binders. Therefore, to assess the impact of the
combination of binder/electrolyte on performance, we performed post-mortem characterization by ex
situ synchrotron diffraction experiments of LTO electrodes after cycling in LP30 and 1m-T electrolytes.

Keywords: Li4Ti5O12; LTO; synchrotron X-ray diffraction (XRD); sodium alginate binder; tetraglyme-
based electrolyte

1. Introduction

The exponential growth of the electric transport sector will lead to an increase in
electric vehicles (EVs) from around 5% of global car sales to more than 60% by 2030 [1]. The
electrification of transport is the main driver for the dramatic battery demand increase with
a global market forecast for lithium-ion batteries (LIBs) that could reach up to 4 TWh by
2040 compared to 78 GWh today [2]. Batteries are the key near-term enabling technology to
decarbonize road transportation and support the transition to a renewable power system,
thus achieving the targets of the Paris Agreement and UN Sustainable Development
Goals [3].

Regardless of the application (i.e., EVs and grid-scale storage), the huge battery
demand and the commitment of Europe to achieve a climate-neutral society by 2050 calls
for the development of the next generation of lithium-ion and lithium batteries featuring
higher performances than current LIBs in terms of safety, cost-efficiency, environment and
social sustainability, energy, and power density [4–6].
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Different strategies aim at addressing such challenges either by focusing on the im-
provement of battery cell components—i.e., anode and cathode materials, binders, elec-
trolytes, and separators—or by developing new battery chemistries [7–9].

In addition to the graphite anode, the spinel-structured lithium titanium oxide
(Li4Ti5O12, LTO) is one of the most attractive anode materials for LIBs, thanks to its
good rate capability at high C-rates, fast lithium intercalation, and high cycling stabil-
ity [5,10–12]. Björklunde et al. demonstrated that LiNi1/3Co1/3Mn1/3O2 (NMC)-LTO and
NMC-graphite cells show a small fading over 200 cycles in carbonate-based electrolyte [13].

Despite low theoretical specific capacity (175 mAh g−1
LTO vs. 372 mAh g−1

graphite)
and lower energy density provided in full-cell configurations than graphite-based cells,
LTO features an operating potential of ca. 1.55 V vs. Li+/Li where the commonly used
organic-based electrolytes are thermodynamically stable, mitigating the formation of solid
electrolyte interphase (SEI) over cycling. Hence, the safety concerns related to lithium
plating and = consequent dendrite formation are prevented. As “zero-strain material”,
LTO does not suffer from volume change upon the two-phase (spinel to rock-salt) electro-
chemical process of Li+ insertion/de-insertion; thus, it is extremely suitable to develop
high-power batteries for applications such as grid stabilization, electrically driven roll-
on/roll–off ferries, and near-term EVs [14–17].

The matching of LTO anode with high-operating potential cathodes such as
LiNi0.5Mn1.5O4 (>4.70–4.75 V vs. Li+/Li) might allow full cells with higher overall operating
voltage and specific energy than those with conventional cathodes such as LiFePO4 [18–21].

Despite the above advantages, LTO suffers from low electrical conductivity (10−13 S cm−1)
and Li-ion diffusion coefficient (10−9–10−13 cm2 s−1) and severe gassing phenomenon
occurring during charge/discharge cycles and storage, which leads to severe swelling
and safety issues. Approaches to improve rate performance and specific capacity of LTO
electrodes include surface modification (e.g., carbon coating) [22], particle size reduction to
the sub-micron and nanometer-scale [23,24], novel solid-phase synthesis [25], development
of ultrafine nanocrystals and novel composite architectures [26], ion doping (e.g., Co, Mn,
Cr, and Ni) [27–30], and the use of suitable binders [31–34].

The gassing phenomenon is the major concern of LTO-based cells and it is mainly
due to the electrode/electrolyte interface reactions that generate H2, CO2, CO, and alka-
nes/olefins derivatives arising from the decomposition of organic electrolytes as detected
by operando investigations with online electrochemical mass spectrometry (OEMS) [35,36].
The decomposition of electrolyte solvents and salts, which is accelerated at elevated operat-
ing temperatures, is also responsible for the gas evolution, as well as water contamination
from electrolyte or residual hydroxyl groups on LTO’s surface from electrode manufac-
turing [36–40]. Several strategies to mitigate the gassing behavior were proposed. The
use of an ultrathin carbon coating layer of LTO was demonstrated to effectively suppress
the gassing behavior, resulting in enhanced rate capability [41]. Film-forming electrolyte
additives such as sulfonyl imides and borates also mitigate gas evolution, passivating the
LTO’s surface [42,43].

In our previous work [44], we exploited for the first time the combined use of an
eco-friendly, water-processable sodium alginate (SA) binder and glyme-based electrolyte
as an effective strategy to improve the electrode/electrolyte interface in LTO-based cells
featuring different percentage of active material (80, 87, and 90 wt.%). The SA binder and
1 molal (mol/kg) lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)–tetraglyme (1m-T)
electrolyte were used as alternative to conventional polyvinylidene fluoride (PVdF) binder
and 1 M LiPF6–ethylene carbonate: dimethyl carbonate (LP30) electrolyte, which are the
most commonly used in commercial LIBs. LiTFSI salt was used to replace LiPF6 owing
to its higher stability [45], and it was reported that LiTFSI-glyme-based electrolytes have
beneficial effects in enhancing the rate capability of LTO//LiFePO4 cells with electrodes
containing a PVdF binder [46]. Moreover, compared to carbonate-based electrolyte, glymes,
and particularly those with longer chain lengths such as tetraglyme, display higher safety,
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lower flammability and flash point, and less relevant toxicity, apart from possible fertility
issues expected for glymes featuring lower chain lengths [47].

In Ref. [44], we demonstrated that LTO-based electrodes tested in 1m-T electrolyte
show higher electrochemical performance than those in LP30. We investigated three
different electrode formulations based on LTO: carbon black: SA, i.e., 90:7:3, 87:10:3, and
80:10:10; the latter was used for comparisons with the benchmark formulation featuring the
PVdF binder (80:10:10). Thanks to a good balance between high active material percentage,
good electronic conductivity, and good carbon-to-binder ratio, we proved that electrodes
with 87% LTO and 3% SA binder show the best electrochemical performance. Indeed, they
displayed a rate capability comparable to that of conventional electrode formulation with
80% LTO and PVdF binder operating in LP30, and they showed excellent cycling stability
over 600 charge/discharge cycles at 1C in both 1m-T and LP30 electrolytes. Electrochemical
impedance spectroscopy (EIS) analysis carried out before and after 600 cycles revealed that
the total impedance increase in LTO-SA electrode in 1m-T is lower than in LP30, thanks to
a thin surface layer that is formed in the presence of 1m-T and remains stable over cycling.

Based on our previous findings, herein we tackle for the first time, to the best of our
knowledge, a comprehensive post-mortem characterization by ex situ synchrotron X-ray
powder diffraction (XRD) on LTO electrodes after long-term cycling in LP30 and 1m-T
to assess the impact of the combination of binder/electrolyte on performance. Pristine
and cycled LTO electrodes with two different electrode formulations were analyzed. We
compare the best performing LTO-SA electrode formulation, i.e., 87% LTO active material:
10% conductive carbon: 3% SA binder with the best conventional LTO-PVdF electrode for-
mulation featuring 80% LTO and 10% PVdF. The ex situ XRD experiments were performed
on fully de-lithiated Li4Ti5O12 (discharged state) samples since they are more thermally
and chemically stable over time compared to the lithiated Li7Ti5O12 ones. Indeed, in fully
lithiated LTO, spontaneous Ti3+ oxidation can occur in the atmosphere, thus leading to
possible degradation during the XRD measurements.

2. Materials and Methods
2.1. Electrode Preparation and Electrochemical Characterization

LTO-based electrodes containing sodium alginate (SA, Sigma-Aldrich, Milano, Italy) or
polyvinylidene difluoride (PVdF, Kynar® LBG, Arkema, Colombes Cedex, France) binders
were prepared according to the procedure described in our previous work [44] by using
commercial lithium titanium oxide powder (Toda Kogyo Corp., Minami-ku, Hiroshima,
Japan). The water-processed LTO-SA consisted of 87 wt% active material, 10 wt% C-energy
Super C45 (C45, Imerys Graphite & Carbon, Bironico, Switzerland) conducting carbon, and
3 wt% SA, and the LTO-PVdF ones consisted of 80 wt% LTO, 10 wt% C65, and 10 wt% PVdF.

The slurries were deposited on a carbon-coated Al foil current collector by using a lab-
scale mini coating machine (MC 20, Hohsen Corp., Chuo-ku, Osaka, Japan) and pre-dried
at 60 ◦C overnight in air. Disk electrodes of 0.636 cm2 (LTO-SA) and 0.785 cm2 (LTO-PVdF)
featuring active material mass loading in the range of 2–5 mg cm−2 were punched and
dried at 110 ◦C under dynamic vacuum in a Büchi glass oven for 12 h before use.

The electrochemical tests were carried out with Biologic VSP multichannel potentio-
stat/galvanostat and MTI Corp battery tester instruments at 30 ◦C in two-electrode mode
by using Teflon® T-shaped BOLA (Bohlender GmbH, Grünsfeld, Germany) cells without an
electrolyte reservoir. LTO-SA and LTO-PVdF were used as working electrodes, Li metal was
used as the counter-electrode, and Whatman GF/D glass fiber (GE Healthcare Ltd., Little
Chalfont, UK) soaked with 50 µL electrolyte was used as a separator. The electrolytes were
1 M LiPF6-ethylene carbonate (EC): dimethyl carbonate (DMC) 1:1 w/w (Selectilyte LP30,
BASF, Ludwigshafen, Germany) and 1 molal (mol/kg) Li bis(trifluoromethane) sulfonimide
(LiTFSI, ≥99.0% Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in tetraethylene gly-
col dimethyl ether (TEGDME, ≥99% Sigma-Aldrich, Merck KGaA, Darmstadt, Germany),
hereinafter called LP30 and 1m-T, respectively.
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After assembly, the cells were kept for 3 h in open circuit potential at 30 ◦C. The elec-
trochemical tests between 1.0 V and 2.2 V consisted of five galvanostatic charge/discharge
cycles at C/3 (conditioning cycles), followed by long-term cycling, i.e., 50, 100, 250, and
500 cycles at 1C. Charge and discharge refer to lithiation and de-lithiation processes, respec-
tively. As the end conditions of each charging and discharging step, the cut-off voltages of
1.0 and 2.2 V and time duration of 3 h (for cycles at C/3) and 1 h (for cycles at 1C) were
set. The C-rates were calculated on LTO’s theoretical specific capacity of 175 mAh g−1

LTO.
Table 1 shows the LTO-based electrodes tested at the ELETTRA synchrotron MCX beamline.
SAL and SAT refer to LTO-SA electrodes tested in LP30 and 1m-T electrolytes, respectively;
PVL and PVT refer to LTO-PVdF electrodes tested in LP30 and 1m-T. The critical samples
have been replicated in order to consolidate the experimental outcomes.

Table 1. LTO-based electrodes tested at ELETTRA synchrotron MCX beamline and refinement convergences.

LTO-SA
Code Electrolyte

Rietveld Refinement
Convergences

wRp, GoF

LTO-PVdF
Code Electrolyte

Rietveld Refinement
Convergences

wRp, GoF

SA_1 Pristine electrode 4.8%, 1.5 PV_1 Pristine electrode 5.2%, 1.1
SAL_1 LP30 5.3%, 1.2 PVL_1 LP30 5.9%, 1.8
SAL_2 LP30 5.8%, 1.3 PVL_2 LP30 5.4%, 1.6
SAL_3 LP30 4.8%, 1.4 PVL_3 LP30 5.2%, 1.6
SAL_4 LP30 5.1%, 1.1 PVL_4 LP30 6.8%, 1.0
SAT_5 1m-T 5.1%, 1.3 PVT_5 1m-T 6.4%, 1.5

SAT_6 1m-T 5.3%, 1.3
PVT_6 1m-T 6.9%, 1.0
PVT_7 1m-T 5.5%, 1.7

SAT_7 1m-T 6.2%, 0.8 PVT_8 1m-T 6.9%, 1.8
SAT_8 1m-T 6.4%, 1.2 PVT_9 1m-T 5.3%, 1.6

2.2. X-ray Diffraction Experiments

The XRD experiments were carried out at the ELETTRA synchrotron radiation source
(MCX beamline [48], using the 4 circle diffractometer in theta-2theta geometry). The
diffraction patterns have been recorded in the 13–71 2θ degree range using an energy of
10 keV (wavelength 1.2398 Å) with a 2θ step of 0.01◦. The diffraction pattern of a flat plate
containing standard crystalline silicon powder was also recorded at the same experimental
conditions as standard.

The XRD experiments were carried out on pristine and cycled LTO-SA and LTO-PVdF
electrodes (Table 1) with a size of 9 mm (LTO-SA) and 10 mm (LTO-PVdF) diameter. At the
end of the prolonged galvanostatic discharge/charge cycles, the Li/LTO half-cells were
disassembled in an Ar-filled glove box, and the electrodes were recovered, rinsed in dried
DMC (electrodes tested in LP30) or tetrahydrofuran (electrodes tested in 1m-T) and then
placed on an Al flat plate XRD sample holder and sealed with Kapton tape (Figure 1).
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The XRD pattern of LTO commercial powder has been recorded in the 10–90 2θ degree
range with a PANalytical X’Pert PRO powder diffractometer equipped with a X’Celerator
detector (CuKa radiation, 40 mA, 40 kV).

Structure refinement has been performed via the Rietveld method using the GSAS-
II software suite [49]. The structural model adopted is the Li4Ti5O12 spinel lattice as
summarized in Table 2, and refinement convergences are reported in the Table 1. Structural
data have been obtained from Ref. [50].

Table 2. Crystal structure parameters of the LTO spinel lattice (space group Fd-3m, number 227 origin
choice 1, and DW = Debye Waller factor).

Cubic Cell Parameter Atoms Wyckoff Position
Atomic

Coordinates
x, y, z

DW/10−2 A2 Occupancies

a = 8.359 ± 0.001 Å

Li 8a 0 0 0 1 1.0
Li 16d 1/2

1/2
1/2 1 1/6

Ti 16d 1/2
1/2

1/2 1 5/6
O 32e 0.261 0.261 0.261 1 1.0

In addition to background and arbitrary intensity, the following parameters were
refined: the cubic lattice parameter, a; the crystallite size, D; the microstrain, σ; Debye–
Waller factors, DW. Only one major constraint has been adopted by assuming that DW
factors were equivalent for all atoms. The theoretical reconstructions of the diffraction
pattern have been, therefore, matched with the experimental one by minimizing the chi
square function. The quality of the refinement has been evaluated by calculating the
so-called wRp and the Gof factors [51].

3. Results and Discussion

Figure 2 shows the XRD pattern of the pristine LTO (indexed to the expected space
group Fd-3m): We used commercial powder for the manufacture of LTO-SA and LTO-PVdF
electrodes. During lithiation, i.e., the charge process, three Li+ ions are inserted into LTO
lattice, leading to a phase transition from the Li4Ti5O12 spinel structure to the Li7Ti5O12
rock-salt structure, according to the following reaction [52,53].

Li4Ti5O12 + 3 Li+ + 3 e− → Li7Ti5O12
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In terms of crystallographic changes, the intercalation of lithium occurs through a
single-phase incorporation of lithium ions [54,55], occurring in parallel to the migration
of the already existing lithium ions in the structure from the tetrahedral-8a site to the
octahedral-16c site. This intercalation reaction occurs through an extraordinarily stable
plateau and it is “zero-strain” as the lattice is marginally altered upon lithiation [52]. This
peculiar structural feature allows for an extraordinary reversibility of the intercalation
reaction from/into the Li4Ti5O12 spinel structure.

As demonstrated by us in Ref. [44], here it is confirmed that the long-term stability
performance of LTO-SA electrodes over 500 cycles is higher than that of LTO-PVdF both
in 1m-T and LP30 (Figure 3). LTO-PVdF shows very poor cycling performance in both
electrolytes and suffers from side reactions mainly over de-lithiation process. Although
LTO-SA shows slightly lower specific capacity at 1C during the de-lithiation process
(Table 3) than LTO-PVdF (Table 4), the capacity retention between the last and the first cycle
at 1C is notably higher than LTO-PVdF. Indeed, after 500 cycles at 1C, LTO-SA features
a capacity retention of 57% and 76% in LP30 and 1m-T, respectively, against 16% and 2%
of LTO-PVdF.
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Figure 3. Specific capacity delivered during the lithiation (empty symbol) and de-lithiation (full
symbol) processes of LTO-SA (black symbol) and LTO-PVdF (red symbol) over 500 cycles at 1C in
(a) 1m-T and (b) LP30.

Table 3. Specific capacity (mAh g−1
LTO) during de-lithiation process at the first and last cycle at 1C

and capacity retention of LTO-SA tested in LP30 and 1m-T.

LTO-SA Code Electrolyte N. Cycles at 1C
Specific Capacity

1st Cycle *
Specific Capacity

Last Cycle *
Capacity

Retention **

mAh g−1
LTO %

SAL_1 LP30 500 153 87 57
SAL_2 LP30 250 152 135 89
SAL_3 LP30 100 156 131 84
SAL_4 LP30 50 152 110 72

SAT_5 1m-T 500 151 114 75
SAT_6 1m-T 250 153 102 67
SAT_7 1m-T 100 155 147 95
SAT_8 1m-T 50 158 157 99

* Discharge specific capacity at 1C. ** Capacity retention (%) between the last and the first cycle at 1C.
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Table 4. Specific capacity (mAh g−1
LTO) during de-lithiation process at the first and last cycle at 1C

and capacity retention of LTO-PVdF tested in LP30 and 1m-T.

LTO-PVdF Code Electrolyte N. Cycles at 1C
Specific Capacity

1st Cycle *
Specific Capacity

Last Cycle *
Capacity

Retention **

mAh g−1
LTO %

PVL_1 LP30 500 158 25 16
PVL_2 LP30 250 163 7 4
PVL_3 LP30 250 154 85 55
PVL_4 LP30 100 168 228 136 ***

PVT_5 1m-T 500 163 4 2
PVT_6 1m-T 250 156 4 3
PVT_7 1m-T 250 113 5 4
PVT_8 1m-T 100 162 30 19
PVT_9 1m-T 50 153 175 114 ***

* Specific capacity at 1C. ** Capacity retention (%) between the last and the first cycle at 1C. *** Side reactions
occurred over the de-lithiation process.

The ex situ scanning electron microscopy (SEM) analyses that we reported in Ref. [44]
revealed that, while LTO-SA still displays a compact and homogeneous structure after
cycling in LP30, the LTO-PVdF electrode’s surface is fully covered by a passivation layer
caused by the swollen binder after electrochemical tests in LP30. On the other hand, SEM
images of the cycled LTO-based electrodes in 1m-T showed rather compact, homogeneous
structure and a small passivation layer on both LTO-SA and LTO-PVdF surfaces, suggest-
ing that the side reactions at the electrode/electrolyte interface do not greatly affect the
electrode’s morphology in 1m-T, irrespective of the binder. Undesired side-reactions at the
electrode/electrolyte interface are then more facilitated in LP30 than in 1m-T [44].

Therefore, the ex situ XRD study carried out on pristine and cycled LTO electrodes is
aimed at investigating how the binder and electrolyte can affect the electrode’s structure
changes upon long-term cycling. The electrodes have been tested after long-term cycles
at different cycling times, since the side reactions proceed over cycling, and phase and
electrode morphology changes may be appreciated only after long-term cycling in LP30
and 1m-T electrolytes.

Twenty XRD patterns were collected on pristine and cycled LTO electrodes in the
discharged (de-lithiated) state. Figure 4 shows a summary of the XRD patterns collected
at ELETTRA.

The first qualitative output suggests that the LTO spinel structure is maintained
upon cycling in both electrolytes despite the use of different binders. No anatase TiO2
peaks are present, thus highlighting that the interfacial reactions at the LTO–electrolyte
interface do not promote remarkable structure changes upon cycling. Spurious additional
diffraction peaks not indexed by the spinel lattice have been observed. All strong unindexed
reflections were easily assigned to aluminum. Two inevitable sources of aluminum are
present in the samples: the metal foil below the casted electrode as well as the XRD sample
holder. Both of these sources have preferential orientation. Furthermore, the surface of
electrodes, especially after prolonged cycling, can be easily damaged during the “cell
de-assembling/washing/drying/sealing” procedure, thus exposing uncoated aluminum
areas. In addition to aluminum, the absence of additional indexed diffraction features
allows us to exclude the precipitation of other TiO2-polymorphs, Li2O, LiOH, Li2CO3,
Li2C2O4, Li2C2, or Li2O2.

All XRD patterns were Rietveld refined in order to investigate the structural features
(cubic cell parameter, crystallite size, and microstrain) of LTO electrodes tested in 1m-T and
LP30. This analysis discloses insight of the structural evolution of the spinel lattice and
morphological features upon long-term charge/discharge cycles. The most relevant fitting
results obtained for all samples are summarized in Figure 5, with solid and dashed lines
representing a simple guide for the eye.
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In line with the expectation from the so-called “zero-strain” intercalation spinel, the
cubic lattice parameter only marginally increases upon cycling, and the expansion in
all cases is <0.1%. This is direct evidence of the resilience of the spinel lattice toward
the insertion/deinsertion of lithium ions. The slight increase in lattice parameter can be
attributed to the possible accumulation of defects while cycling, and the impact of 0D,
1D, and 2D defects on the overall lattice volume of titanate spinels is well known [56,57].
The only exception is given by the LTO-PVdF electrodes cycled in the 1m-T electrolyte: in
line with the rapid electrochemical deactivation, the cubic lattice remains almost unaltered
upon cycling.

Regarding the morphological features derived from the Rietveld refinements,
i.e., size and microstrain, all samples experience a reduction in the average dimension of the
crystalline domains after cycling. Remarkably, this common trend is apparently affected by
the binder employed in the manufacture of electrodes. On a related note, it is worthwhile
to note that the use of SA plays a role in stabilizing the domain size upon cycling, after
an initial decrease of 50% in volume. On the other hand, electrodes manufactured by the
PVdF binder show a similar trend but the decrease in crystallite size occurs smoothly for
approximately 250 cycles. Noticeably, the underperforming LTO-PVdF electrodes cycled
in the 1m-T electrolyte show the most extensive pulverization of crystallites, and the final
shrinking of D is approximately 75%.
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Figure 5. Relevant structural features (cubic cell parameter, crystallite size, and microstrain) for
pristine and ex situ samples derived from the Rietveld refinements of the corresponding synchrotron
XRD patterns: (a,c,e) LTO-SA (black symbol) and (b,d,f) LTO-PVdF (red symbol) electrodes tested in
LP30 (full symbol) and 1m-T (empty symbol). Solid and dashed lines represent a simple guide for
the eye.

Moreover, the long-range disorder does not change remarkably upon cycling, apart
from the LTO-PVdF electrotrodes cycled in the 1 m-T electrolyte for which a reduction in
the microstrain is found. In the other three cases, the microstrain varies less than +/−
25% after 500 cycles: This common trend matches nicely with the similar electrochemical
performance. For the sake of completeness, the LTO-SA electrodes cycled in LP30 show a
drop in the microstrain after 50 cycles, which scatters from the general trend. This evidence
may be a clue of a structural rearrangement, but a clear explanation is missing, and further
work is needed to clarify this point.

Overall, the XRD analysis suggests that the SA binders support an improved stability
of the LTO lattice and crystallites upon cycling. In particular, in both electrolytes, the lattice
parameters slightly increase by 0.1% in 500 cycles while, after an initial decrease in the
crystallite size of about 50% in 50 cycles, a negligible alteration of the crystal domain size is
observed in the following 450 cycles. Additionally, changes in microstrain are limited to
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25% up to 500 cycles. The PVdF binder proves to be less effective in preserving the LTO
lattice and crystallites, thus suggesting the possibility of a direct participation of the binder
in the slight, yet irreversible, change in reactivity observed upon cycling. This is in line
with our previous observations already discussed in Ref. [44].

4. Conclusions

In this manuscript, we addressed the changes in structure of LTO for prolonged
cycling in aprotic lithium cells at room temperature. We analyzed the effect of the electrode’s
composition by comparing two different binders, i.e., the water-processable sodium alginate
(SA) and the conventional polyvinylidene fluoride (PVdF), and that of the electrolyte nature
by testing a carbonate-based (LP30) and an ether-based aprotic (LiTFSI-tetraglyme, 1m-T)
electrolyte. The study was carried out ex situ, using synchrotron XRD, on post-mortem
electrodes collected at different stages from the cycled cells.

From the electrochemical point of view, the use of the aqueous SA binder is strongly
beneficial as it allows excellent reversibility and performance for 500 cycles in both the
carbonate-based LP30 electrolyte and in the ether-based 1m-T electrolyte. On the other
hand, the electrodes manufactured with the PVdF binder show electrolyte-dependent
performance. In both cases the initial performance is comparable (cycles 1–20 are in line
with the SA binder), but in LP30, a constant capacity fading is observed in the following
cycles, and in 1m-T, a rapid deactivation is recorded. These results have been confirmed in
multiple tests.

Rietveld analysis suggests that the SA binder promotes the stability of the LTO lattice
and crystallites upon cycling, and the evolution of the crystal lattice, the crystallite size,
and the crystal microstrain are very similar in both electrolytes and are analogous to that
of the LTO-PVdF electrodes cycled in LP30. Overall, the PVdF binder appears to be less
effective in preserving the LTO lattice and crystallite size, thus suggesting the possibility of
a direct participation of the binder in irreversible reactivity occurring upon cycling.
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