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Extended Cycle Life in Lithium-lon Batteries through
Lithium Supplementation from Li,C,0,@SiO, Microcapsules

Bhupender Pal, Luka Jureci¢, Matej Gabrijel¢i¢, and Robert Dominko*

The formation of a solid electrolyte interphase (SEI) in lithium-ion
batteries consumes active lithium ions, resulting in loss of capac-
ity and decreased cycle life. Most prelithiation methods only
address the initial lithium depletion by compensating with a
source of lithium ions, overlooking the ongoing lithium consump-
tion through continuous degradation processes. In this study,
Li,C,0,@SiO, microcapsules are presented, in which Li,C,0,
serves as an additional source of lithium ions and the porous
SiO, shell prevents unwanted catalytic reactions, ensuring sus-
tained lithium availability throughout the cycling. The microcap-
sules are synthesized using a wet impregnation method and

1. Introduction

Lithium-ion batteries (LIBs) with longer cycle lives and higher
energy density are in high demand. The functional principle of
LIBs is based on the reversible exchange of lithium between
two host structures, which theoretically enables an infinite life-
time. However, uncontrolled parasitic reactions that occur spo-
radically during lithium exchange degrade LIBs,"? particularly
during the formation cycle(s) when electrolyte and impurities
on the surface of the composite electrodes are electrochemically
decomposed. This process consumes and depletes lithium to a
considerable extent and is negligible if the cell reaches thermo-
dynamic equilibrium through passivation and thus prevents fur-
ther decomposition.®* The loss of lithium reduces the reservoir
of reversibly transferable Li* ions between the anode and
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characterized using various techniques to confirm their structural,
morphological, and compositional properties. Ex situ nuclear
magnetic resonance (NMR) analysis demonstrated lithium-ion
mobility, and electrochemical tests in full-cell configurations with
graphite and graphite/silicon anodes confirmed improved capac-
ity retention and cycle life. This work highlights the potential of
microencapsulated lithium-ion sources to improve battery perfor-
mance in various lithium-ion systems and opens a pathway for
battery cells with self-healing functionality that can be triggered
on demand.

cathode, which subsequently affects the energy and power den-
sities as well as the cycle life.”™! For high capacity anode materials
such as Si, SiOx, and Sn, the initial loss of active lithium is greater
(220-45%) than for graphite anodes (~7-14%)"*”! The dynamic
nature of passive films leads to restructuring and additional
depletion of active components. Furthermore, as the cells do
not operate in ideal environments, further depletion of the lith-
ium ions occurs through irreversible reactions. Consequently,
active lithium ions may also be depleted during cycling, resulting
in lower Coulombic efficiency (<100%).®! In this context, the inte-
gration of pre-lithiation additives into cathode materials during
the electrode manufacturing process is considered an effective
strategy to solve the problem of initial loss of active lithium %
The ideal prelithiation additives are electrochemically active
within the working potential of the cathode, possess high volu-
metric and gravimetric capacity, and compensate for lithium loss
through passivation and other irreversible reactions.""! Various
lithium compounds such as LiN3™ Li;N™ Li,S[ Li,0
Li,NiO,,1"® Li,Mo03,"”" and Li,0,"® have been proposed as
pre-lithiation cathode additives; however, most of these addi-
tives are not compatible with standard cathode processing
protocols and are unstable under ambient conditions. To miti-
gate the problem of active lithium loss and increase the energy
density of current LIBs, a promising approach is to implement a
lithium replenishment strategy by storing an additional amount
of lightweight lithium carriers in the electrode composite.
Therefore, it is more advantageous to use additives that are
compatible with standard cathode processing protocols, stable
under ambient conditions and cost-effective.

In this context, organic lithium salts such as dilithium squarate
(Li,C,0,4) and lithium oxalate (Li,C,0,) are recognized for their sta-
bility in the ambient atmosphere.'"*?? Li,C,0, has been used as a
prelithiation agent in lithium-ion capacitors (LICs) and LIBs due to

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH


http://www.batteries-supercaps.org
https://orcid.org/0000-0002-6673-4459
mailto:robert.dominko@ki.si
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://doi.org/10.1002/batt.202500444
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbatt.202500444&domain=pdf&date_stamp=2025-08-11

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202500444

its balance between high gravimetric capacity (~425mAhg™")
and low decomposition potential (~3.6-4.2V vs Lit/Li).*"*?
Li,C,0, is considered a safe, easy to synthesize, low-cost, and
air-stable additive for the prelithiation of LICs and LIBs™* It
has been combined with cathode materials in LICs such as
activated carbon and in LIBs such as NMC, LiPFg, TiSb,, and
Si-graphite.”*2% Due to its easy processability with solvents such
as N-methyl-2-pyrrolidone (NMP), Li,C,0, overcomes the main
disadvantages of using Li,S and Li;N as prelithiation additives.
Due to the easy processability of Li,C,0, in cathode materials,
rapid scale-up of fabricated cells and electrodes is possible. It
has also been reported that the use of Li,C,0, as a prelithiation
additive not only functionalizes the electrode surface but also
modifies the SEI itself*® Currently, it has been found that the
use of Li,C,0, as a prelithiation additive increases the amount
of organic species such as C=0, 0=C—0 and C—O and decreases
the content of alkoxides and carbonates formed after solvent
reduction.”® The decomposition by-products (CO and CO,) of
Li,C,0, react with the electrolyte at the negative electrode sur-
face at the Li-ion reduction potential and act as film-forming addi-
tives. The passivation layer formed contains a lower amount of Li
and O but a higher amount of carbon, indicating a limited decom-
position of the solvent for passive film formation. These results
open up the possibility of using Li,C,04 not only as an additive
for prelithiation but also as a film-forming additive for SEI to opti-
mize the SEI of the negative electrode. However, besides all these
advantages of Li,C,0, as an additive for prelithiation, there are
also some disadvantages, such as gaseous products (CO and
CO,) during the decomposition of Li,C,0, and undesirable cata-
lytic reactions when mixed with cathode materials (especially
transition metals), which in turn can affect the structure of the
original electrodes and significantly change the electrochemical
performance of the device.**?”

We have opted for microcapsules that contain an additional
source of lithium ions to avoid these potential side effects of
Li,C40,4. Microencapsulation is an innovative technique for pre-
serving, protecting, and releasing active ingredients in various
industrial applications such as pharmaceuticals, food, cosmet-
ics, agrochemicals, detergents, and paints.””?® When develop-
ing microcapsule systems and their production processes, it is
crucial to consider the environmental impact and energy costs
of manufacturing. Currently, factors related to the EU’s sustain-
ability goals are changing the design direction of such
microcapsule systems. A porous SiO,-based material that is
thermochemically stable, cost effective, safe, environmentally
friendly, and abundant is an excellent choice for microcapsule
structures.

In this work, we demonstrate an application of SiO,-based
microcapsules filled with Li,C,0,. A three-step synthesis route
was developed that leads to a homogeneous distribution of
Li,C,04 in the capsules. Li,C,0, encapsulated in the porous
SiO, microcapsule (Li,C,0,@SiO,) can be activated by electro-
chemical stimuli at a voltage higher than 4.2 V. The released lith-
ium ions are ionic in character, as demonstrated by solid-state
nuclear magnetic resonance (NMR). The advantage of adding
Li,C,0,@Si0, to the cathode composite with NMC622 active
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materials was demonstrated in full cell battery tests with graphite
and silicon-graphite-based anodes.

2. Results and Discussions

The encapsulation of Li,C40, in porous SiO, microcapsules was
carried out using a wet impregnation method comprising three
main steps, as illustrated in Scheme S1, Supporting Information.
In the first step, porous SiO, microcapsules were synthesized by
the hydrolysis and condensation of TEOS using ammonia as a cat-
alyst. In the second step, Li,C4,0, was synthesized by a simple wet
chemical method using squaric acid (3,4-dihydroxy-3-cyclobu-
tene-1,2-dione) and lithium carbonate as precursors. Finally, in
the third step, the encapsulation of Li,C,0, into the porous
SiO, microcapsules was carried out using the wet impregnation
technique. The Li,C,0, loading in the porous SiO, microcapsules
was optimized by varying the weight ratio of Li,C,0, in the SiO,/
Li,C,0, mixture from 1 to 25 wt%. Figure 1 shows the XRD and
FTIR characterizations of the microcapsules containing different
proportions of Li,C,0,. Both techniques show that up to
10 wt% of Li,C,0,4 can be successfully encapsulated in the micro-
capsules synthesized by this three-step process.

The XRD patterns of all samples are shown in Figure 1a. With
increasing Li,C4,0, content, the gradual formation of a crystalline
phase is observed. A broad peak at about 20 = 23° corresponds to
the amorphous nature of SiO,. The main characteristic peaks of
Li,C40, indicate a monoclinic phase (space group C2/m), which
is consistent with the crystalline Li,C,0, phase (PDF #04-012-
0316). At a loading of up to 10 wt%, Li,C,0, remains in an amor-
phous state, probably due to the spatial confinement within the
microcapsules. However, increasing the loading beyond 10 wt%
results in the appearance of crystalline Li,C,0,, indicating that
excess material crystallizes outside the porous framework.
Additional information was obtained from the FTIR analysis
(Figure 1b), which supports the XRD results. The FTIR spectrum
of porous SiO, shows three characteristic vibrational bands: asym-
metric stretching at 1092 cm™', symmetric stretching at 800 cm™,
and bending vibrations of Si-O-Si at 465 cm™~'. Additional bands
around 1700 and 3430 cm™' correspond to carboxyl and hydroxy!
groups, respectively. A peak at 947 cm ™' is due to the Si-O stretch-
ing vibration of Si-OH. In the case of pure Li,C,0,, a strong absorp-
tion band at 1550cm™' is observed, corresponding to the
stretching vibrations of C=C and C=0 bonds, while a band at
1100cm ™" is attributed to C—C stretching. The absence of C-O
vibrational bands in the FTIR spectrum indicates that Li,C,0, con-
sists of two Li* ions and a squarate oxocarbon dianion (C,0,%7)
with four C=0 and C—C bonds. In the composite microcapsules,
the 1550 cm ™" band becomes increasingly clear with higher Li,C,0,
content, confirming the successful incorporation of Li,C,0,
into the SiO, framework. The intensity of the Li,C,0,-related peaks
increases proportionally with the Li,C,0,/SiO, ratio. Although a
complete optimization of the Li,C,0,@SiO, synthesis process has
not yet been achieved, the obtained material shows effective
encapsulation of the sacrificial salt in porous silica spheres.
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Figure 1. a) Powder X-ray diffraction patterns and b) FT-IR spectrum of as-synthesized porous SiO, shell, Li,C,0,, and microcapsules (Li,C,0,@SiO,).

The microscopy images of the porous SiO, spheres, Li,C,0,,
and Li,C,0,@SiO, microcapsules are shown in Figure 2. SEM
images of the porous SiO, shells show a spherical morphology with
diameters of 100-400 nm (Figure 2a). In contrast, the SEM images
of pure Li,C;0, show rectangular and triangular structures with
dimensions in the micrometer range (Figure 2b). Further SEM
images of the Li,C;0,@SiO, microcapsules can be found in
Figure 2¢d. At low Li,C,0, loadings, the microcapsules retain
the appearance of the original porous SiO, spheres. However, at
higher loading (25 wt%), distinct crystalline Li,C,0, particles are
observed next to the Li,C,0,@SiO, microcapsules. Overall, the
structural integrity of the SiO, spheres is preserved after infiltration
with the Li,C,0, salt. Additional SEM images showing different
Li,C,0, concentrations (1-25 wt%) within the porous SiO, micro-
capsules can be found in the Supporting Information (Figure S1,
Supporting Information). To further confirm the core-shell struc-
ture of the Li,C,0,@Si0, microcapsules, a TEM analysis of the
porous SiO, spheres (Figure 2e) and the Li,C,0,@SiO, microcap-
sules (Figure 2f,g) was performed. A clear contrast between the
two images demonstrates the presence of Li,C4,0, within the
porous SiO, structure (see Figure 2g for a higher magnification
view). Further TEM images demonstrating the successful formation
of Li,C,0,@SiO, microcapsules can be found in the Supporting
Information (Figure S1, Supporting Information). The TEM images
confirm the porous, microcapsule-like structure with a shell thick-
ness of about 50-65nm and the successful encapsulation of
Li,C,0,. However, not all microcapsules appear to be completely
filled with Li,C,0,, indicating that there is potential for further opti-
mization of the encapsulation process. Elemental mapping of the

Figure 2. Scanning electron microscopy images (SEM) showing porous
SiO, shells a), lithium squarate b), microcapsules (Li,C,0,@SiO,) in frames
c,d). Transition electron microscopy (TEM) images of porous SiO, e) and
microcapsules (Li,C,0,@Si0,) at two different magnifications f,g).

X-ray photoelectron spectroscopy (XPS) was used to analyze

microcapsules was performed and shows the presence of Si, O, and
C, as shown in Figure S1(B), Supporting Information.

Batteries & Supercaps 2026, 9, €202500444 (3 of 9)

the elemental composition and chemical bonding states in SiO,,
Li,C,0,4 and the Li,C,0,@Si0, microcapsules. The materials
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consist mainly of silicon, oxygen, lithium, and carbon. Spectral
fitting was performed to obtain detailed information on the dis-
tribution and relative abundance of the elements. In the XPS
wide-scan spectra of SiO,, Li,C,0,, and Li,C,0,@SiO, microcap-
sules, peaks corresponding to Si, O, C, and Li were observed,
as shown in Figure S2, Supporting Information. For SiO,, the
XPS core level spectra of Si 2p, O 1s and C 1s are shown in
Figure 3a-c. A single peak at 103.2eV in the Si 2p spectrum
and a peak at 533.1eV in the O 1s spectrum correspond to
the typical binding energies of Si—O bonds in amorphous
SiO,. For pure Li,C,0, (Figure 3d-f), the Li 1s peak appears at
56.1 eV, characteristic of Li-O bonding. The C 1s spectrum is
deconvoluted into three peaks at 284.6, 286.2 and 288.6¢eV,
which are assigned to C—C, C—0, and O=C—0 bonds, respec-
tively—in agreement with the functional groups in lithium
squarate and confirmed by the IR spectroscopy results. The
O 1s spectrum shows two peaks at 533.0 and 533.3 eV, which

are attributed to the C=C and O—C bonding states, respectively.
In the case of Li,C,0,@SiO, microcapsules (Figure 3d—f), the fitted
peaks for Si 2p, O 1s and C 1s closely resemble those observed in
the individual components. A slight deviation is observed in the
O 1s spectrum, which shows a splitting into three peaks corre-
sponding to Si—0, C—0, and O=C—0 bonds. This spectral feature
confirms the coexistence of SiO, and Li,C,0, bonds. Overall, the
presence of all characteristic peaks confirms the successful
encapsulation of Li,C404 within the porous SiO, microcapsules.

We used solid-state NMR to investigate the ionic character of
lithium after the decomposition of Li,C,0,. The tests were carried
out in environments with sodium metal and electrodes consisting
of either Li,C,0, powder or Li,C,0,@SiO, microcapsules. The
ionic character of lithium after decomposition was determined
in two different environments using carbonate-based electrolytes
with NaPF, salt (NP30 electrolyte) or LiPFg salt (LP57 electrolyte).
Schematic representations of the Swagelok cell used for the

(a)[sio, Si2p (b) [ sio, 01s (c) [sio,
3 3 3

s L s

2 2 2
[ (72} [72]

= [ o

S 2 2

£ £ 4 £

Binding energy (eV)

110 108 106 104 102 100 98 96 538 536 534 532 530 528
Binding energy (eV)

526 294 202 200 288 286 284 282 280
Binding energy (eV)

e f
() Li,C,0, Lits ©) Li,C,0, 01s (M) Li,C,0, Cis
LA &, s
2 2 z
£ & g
= £ =
% [ R
S Y OV AL Al e NV e e
T T T T T T T T T T T T T T T v T T T —
64 62 60 58 56 54 52 50 538 536 534 532 530 528 526 294 292 290 283 286 284 282 280
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(9) (h) (i)
Li;C404(25 wt%)@SiO, Si2p Li,C,0,(25 wt% )@Si0, O 1s Li,C,0,(25 wt%)@Si0, C1s
3 3 3
LA s LA
z 2 2|
(7] (7] (7]
c c c
2 ] 2
= = =

0 . - v . v
110 108 106 104 102 100 98
Binding energy (eV)

538 536 534 532 530 528 526
Binding energy (eV)

204 202 200 288 286 284 282 280
Binding energy (eV)

Figure 3. XPS spectra of porous SiO,, Li,C404, and microcapsules (Li,C,0,@SiO,) a-i). Si 2p, O 1s, Li 1s, and C 1s.
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electrochemical studies and the MAS rotor used for the ex situ
NMR analysis are shown in Figure S3a,b, Supporting Information.
First, the Li,C404 powder and Li,C,0,@SiO, microcapsules were
pressed into pellets. These pellets were assembled in Swagelok
cells with a glass fiber separator, the two different electrolytes
(NP30 or LP57) and a sodium metal sheet as a counter electrode.
The cells were charged from 2.5 to 4.4V at a constant current with
a C-rate of C/50, followed by an 8-h rest period. After cycling, the
Swagelok cells were transferred to an argon-filled glovebox and
the cycled powder (Li,C,0,4 or Li,C,0,@SiO,) was collected and
loaded into MAS rotors for further ex-situ NMR measurements.
The combined NMR spectra are shown in Figure 4a, where a slight
shift in the Li* ion peaks can be observed, likely due to changes in
the local chemical environment after cycling. Figure 4b compares
the NMR spectra of bare Li,C,0, and cycled Na metal//Li,C,0,
in NP30 and LP57 electrolytes. The results show a broad signal
centered between 5 and —5 ppm for the pristine Li,C,0, powder.

In contrast, the cycled samples exhibit an additional sharp peak,
confirming the presence and mobility of Li* ions after the decom-
position of Li,C,0,. The intensity of this sharp signal is significantly
higher in the LP57 electrolyte, which can be attributed to the pres-
ence of Li* ions from LiPFe. Similarly, the Li,C,0,@SiO, microcap-
sules also show a sharp NMR signal with a slight shift, as shown in
Figure 4c. These results, obtained in two different battery config-
urations, confirm the ionic nature of the lithium released by the
decomposition of Li,C40,.

Next, we assembled several battery cells to evaluate the effects
of microcapsules in a full cell configuration with a graphite anode.
The microcapsules were incorporated into the cathode, which con-
sisted of the active material NMC622. A schematic representation
of the experimental setup can be found in the Supplementary
Information (Scheme S2, Supporting Information). Cyclic voltam-
metry (CV) scans of graphite//NMC622 full cells in LP57 electrolyte

were performed between 2.5 and 4.5 V at a scan rate of 0.1 mVs ™',

T T
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Figure 4. a—c) Solid-state “Li NMR spectra of Li,C,04 microcapsules and cycled half-cells (Na metal//Li,C,0, and Na metal//microcapsules) in NP30 and

LP57 electrolytes.
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both with and without microcapsules, as shown in Figure 5a,b. The
CV scan of the cell without Li,C,0,@SiO, microcapsules (Figure 5a)
shows typical oxidation/reduction peaks associated with the
Ni*/Ni** redox transitions. In contrast, the cell with Li,C,0,@SiO,
microcapsules shows an additional oxidation peak at around 4.2V,
which corresponds to the irreversible oxidation of Li,C,0, and con-
firms the release of Li* ions from the microcapsules (Figure 5b).
CV and galvanostatic charge/discharge curves for different weight
percentages of Li,C4,0, in the microcapsules are shown in the
Supporting Information (Figure S4a,b, Supporting Information).
The addition of Li,C,0,@SiO, microcapsules slightly increases the
polarization during the first charging cycle (Figure S5a, Supporting
Information), which is repeatable (Figure S5b, Supporting
Information) and can probably be reduced by appropriate

electrode engineering. The irreversible oxidation of Li,C,0, within
the microcapsules releases additional Li* ions, which improve both
the specific capacity and the stability of the cell. This was validated
in full cells with graphite as the anode and NMC622 as the cathode
material. The galvanostatic cycling data for pouch cells are shown
and compared in Figure 5c¢. The initial capacity of the battery con-
taining Li,C4,0,@Si0, microcapsules in the cathode is lower than
that of the cell without microcapsules, which is probably due to
the non-optimized cathode composite preparation. Battery cells
containing Li,C,0,@Si0, microcapsules show lower Coulombic
efficiency during the formation cycle, which can be attributed
to the decomposition of Li,C4,04 consuming additional charge.
While the capacity of the control cell (without microcapsules)
stabilizes after the second cycle, the capacity of the cell with
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Figure 5. Electrochemical characterization of full cells. a,b) Cyclic voltammetry (CV) curves. c) cycling performance and coulombic efficiency of graphite//
NMC622 full-cells without and with microcapsules in the voltage range of 2.5-4.5V at a scan rate of 0.1 mVs™' or at 1C rate in LP57 electrolyte. d,e) charge/
discharge voltage profiles of silicon//NMC622 and silicon//NMC622 with microcapsules in the voltage range of 2.5-4.3V at 1C rate in LP57 electrolyte.

Batteries & Supercaps 2026, 9, €202500444 (6 of 9)

© 2025 The Author(s). Batteries & Supercaps published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIER.D 3 ded![dde au A peusenob a2 sajolie YO ‘8sh J0 S9Nl 1oy Akeid18UljuQ A3 UO (SUORIPUOD-PUB-SULBY WD A8 |1 AReJq 1 pul|uo//:Schiy) Suoiipuod pue swie | 8y} 88s *[9202/20/£0] Uo Ariqiiauliuo A8|im euelian( jo AiseAIUN Ad 117005202 11R0/Z00T OT/I0p/wW0d" A8 |mAeiq put|uoadone-Ans weyd;/sdiy wo.y pepeojumod ‘T ‘§20z '€2299952


http://doi.org/10.1002/batt.202500444

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202500444

microcapsules gradually increases and reaches a maximum value
around the sixth or seventh cycle. This gradual increase is probably
due to the slow diffusion of lithium ions from the microcapsules,
further research is needed to understand the kinetics of lithium
release. Nevertheless, the reversible capacity of the battery with
microcapsules exceeds that of the control cell due to the higher
lithium inventory available for exchange between the electrodes.
The degradation products of dilithium squarate have been
reported to positively influence the formation of cathode electro-
lyte interphase (CEl) and solid electrolyte interphase (SEl). We
attribute the improved Coulombic efficiency in the cell with micro-
capsules to the formation of more stable passivation layers as a
result of the decomposition of squarate anions. Although this
decomposition initially increases the reversible capacity, further
optimization of the electrode formulation is required to maintain
the increased capacity during longer cycles.

Further galvanostatic measurements were carried out with sil-
icon/graphite composite anodes in combination with NMC622
cathodes, both with and without Li,C,0,@SiO, microcapsules
in the cathode composite. Figure 5d,e compare the electrochem-
ical performance of these battery cells. Similar to the graphite//
NMC622 system, the battery with microcapsules shows an
increase in reversible capacity during the first few cycles
(Figure 5d). In contrast, the cell without microcapsules shows a
rapid decrease in capacity due to the high silicon content in
the anode (Figure 5e). Since the only difference between these
cells is the presence of Li,C,0, stored in the microcapsules, the
improved performance is attributed to the additional lithium
released during Li,C,0, decay. Interestingly, the increase in
capacity occurs gradually over several cycles, further supporting
the controlled release mechanism.

3. Conclusions

We successfully synthesized Li,C,0,@SiO, microcapsules by
incorporating lithium squarate (Li,C,0,) into porous SiO, spheres
using a wet impregnation method. Our results show that this
method is particularly effective at lower Li,C,0, concentrations
(below 10 wt%), which helps to maintain the structural integrity
of the core—shell microcapsules. Various characterization techni-
ques confirmed the successful encapsulation of Li,C,0, within
the porous SiO, matrix. The microcapsules were then used as
a 2wt% additive in a cathode composite containing NMC622
as active material. Cyclic voltammetry showed the characteristic
reversible redox peaks of NMC622, together with an additional
irreversible oxidation peak at about 4.2 V. This peak corresponds
to the decomposition of Li,C,0, and the associated release of Li™
ions into the electrolyte. The ionic nature of the released lithium
was further confirmed by solid-state NMR in a controlled system
with a sodium metal anode and a sodium-containing electrolyte,
in which Li,C,0, was electrochemically decomposed.

Although lithium release from Li,C,0, occurs within the electro-
chemical window of NMC622, the additional lithium inventory con-
tributes to improved reversible capacity in full-cell configurations
using either graphite or graphite—silicon composite anodes. In both
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systems, a gradual increase in reversible capacity was observed
over several cycles, indicating slow lithium diffusion from the SiO,
spheres following squarate decomposition. Improved Coulombic
efficiency was also observed in experiments with graphite-based
anodes, likely due to the positive effects of the squarate decompo-
sition products on the formation of the SEI or CEL

This strategy could be further optimized by applying a
controlled-release coating to the microcapsules. Such coatings,
activated by temperature or high voltage, could enable the tar-
geted release of lithium or other additive at specific points during
the battery’s life cycle, for example, when the cell reaches 80% of
its initial capacity, offering a promising route toward extending
battery performance and longevity.

4. Experimental Section
Materials

Tetraethoxysilane (TEOS), absolute ethanol (EtOH), ammonia solu-
tion (NH,OH), sodium polyacrylate ((CsHsNaO,),), 3,4-dihydroxy-3-
cyclobutene-1,2-dione (squaric acid), lithium carbonate (Li,COs3),
and deionized water were used as received.

Synthesis of Porous SiO, Microcapsules

Porous SiO, microcapsules were synthesized at room temperature by
dissolving 0.08 g of sodium polyacrylate in 1.5 mL of ammonia solu-
tion and then adding 30 mL of EtOH, which turned the solution white.
After 30 min, 0.75 mL TEOS was added to the solution at 2-h intervals
with vigorous stirring. After 12 h of continuous stirring, white colloids
were obtained. Finally, hollow porous SiO, microcapsules were pre-
pared by removing the sodium polyacrylate by repeated washing
with deionized water and drying overnight at 80 °C.

Synthesis of Dilithium Squarate (Li,C,0,4)

Li,C,0, was synthesized via a simple wet chemical method using
squaric acid and lithium carbonate as starting materials. Squaric acid
and Li,CO; were dissolved in a 1:1 mixture of deionized water and
EtOH at room temperature and stirred continuously for 4 h. The sol-
vents were evaporated using a rotary evaporator at 50 °C. The result-
ing white powders were ground using a mortar and pestle and dried
overnight under vacuum at 50 °C.

Encapsulation of Li,C,0, inside Porous SiO, Microcapsules
(Li»C,0,@Si0,)

Li,C40,@SiO, microcapsules were synthesized using a wet impregna-
tion method as shown in Scheme S1, Supporting Information. The
Li,C40,4 content within the SiO, microcapsules was optimized by vary-
ing the concentration from 1 to 25 wt%. A solution of Li,C,0, in water
was added dropwise to the dry SiO, powder (1 mLg™") until it was
completely wetted, and then left for almost 6 h to complete the
impregnation of Li,C,0, in the porous SiO, microcapsules.
Subsequently, the water was removed by drying at 80 °C overnight,
followed by vacuum drying at 50 °C to recrystallize Li,C,0,4 within
the porous SiO, microcapsules.
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Material Characterization

The synthesized materials were characterized for their structural, com-
positional and morphological features using various techniques. Phase
purity and crystal structure were examined using a PANalytical X'Pert
PRO X-ray powder diffractometer (Cu Ka, radiation, A = 1.5406 R). The
functional groups were identified using Fourier transform infrared
spectroscopy (FT-IR) with a PerkinEImer Frontier spectrometer. The sur-
face morphology was analyzed by SEM and TEM. SEM analysis was
performed using a field emission SEM (Apreo 2 S, Thermo Fisher
Scientific, Netherlands) equipped with a Clean Connect vacuum trans-
fer system and an energy dispersive spectrometer (EDS). TEM analysis
was performed on samples dispersed in acetone and placed on a TEM
grid using the TEM, JEM-ARM200CF. X-ray photoelectron spectroscopy
(XPS) was performed using a PHI Versa Probe Il AD (Physical
Electronics, USA) with a monochromatic Al Ka X-ray source (1486.6 eV);
binding energies were referenced to the Au standard (Au 4f = 83.99 eV)
and analyzed using MultiPak software.

Electrode Preparation, Cell Assembly, and Electrochemical
Testing

The cathode composites were prepared by slurry casting, as shown in
Scheme S2, Supporting Information. For Li-metal//Li,C,0, and
Li-metal//microcapsule half cells, the positive electrode consisted
of 70 wt% active material (Li,C,0,4 or microcapsules), 15 wt% carbon
black (conductive agent) and 15 wt% PVDF (binder) in N-methyl-2-
pyrrolidone (NMP, solvent). For Li-metal//NMC622 + microcapsules
half-cells and graphite//NMC622 + microcapsules full-cells, the posi-
tive electrode consisted of 88 wt% NMC622 (active material), 2 wt%
microcapsules, 5 wt% carbon black and 5 wt% PVDF in NMP. Negative
electrodes consisted of 85 wt% graphite, 5 wt% carbon black, 7.7 wt%
CMC, and 2.3 wt% PAA in deionized water. The slurries were applied
to Cu (negative) and Al (positive) foils using a line coater and dried
overnight at 100-110 °C in a vacuum. The electrodes had a diameter
of 18 mm (negative) and 16 mm (positive) and an N/P ratio of about
1.2:1. A single-layer Celgard 2500 separator (@ =20 mm) was used,
which was impregnated with 60 uL LP57 electrolyte (1 M LiPFs in
3:7vol% EC/EMC). The pouch cells were assembled in an Ar-filled
glove box (O, and H,0 < 0.1 ppm). At least 2-3 cells per sample were
prepared to ensure reproducibility. The effects of different contents
of Li,C404 (1-25 wt%) and microcapsules (1-2 wt%) in the cathode
were systematically investigated. The electrochemical tests were per-
formed at room temperature using Biologic VMP3 devices. Half and
whole cells were cycled in a voltage range of 2.5-4.5V at different
C-rates (as indicated in the captions). Cyclic voltammetry (CV) was
also performed using EC-lab at a scan rate of 0.1 mV s~". The mobility
of Li* ions from the microcapsules was investigated by ex situ NMR
measurements.

Sample Preparation and Ex-Situ NMR Measurements

To evaluate the mobility of Li™ ions from microcapsules, ex-situ
solid-state NMR was performed on powder samples assembled
in Swagelok-type cells. Pristine Li,C4,0, and Li,C,0,@SiO, powders
(=20 mg each) were pressed into pellets, stacked with two glass fiber
separators (GF-A) wetted with 150 pL of NP30 (1 M NaPF6 in 1:1 vol%
EC:DMC) or LP57 electrolyte and paired with a Na-metal counter elec-
trode. The cells were charged at C/50 from 2.5 to 4.4V and rested for
8 h. After disassembly in the glove box, the cycled powders were col-
lected and placed in magic angle spinning (MAS) rotors for NMR anal-
ysis. Solid-state MAS NMR spectra were recorded with a Bruker
AVANCE NEO 400 MHz spectrometer using a 4 mm CP-MAS probe.
7Li MAS NMR was used to assess Li* mobility, with a Larmor
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frequency of 155.51 MHz and a MAS speed of 10 kHz. The spectra
were recorded with an excitation pulse of 2.8 us, 240 scans and a
delay of 5s between scans. The chemical shifts were referenced
to adamantane, and the diamagnetic lithium species were identified
based on the known shifts: Li,O (~2.8 ppm), LiOH x H,0 (=~0.4 ppm),
Li,COs (0.0 ppm), and LiF (—1.0 ppm).
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