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Impact of 3-Cyanopropionic Acid Methyl Ester on the
Electrochemical Performance of ZnMn,O, as Negative

Electrode for Li-lon Batteries

Zijian Zhao, Lydia Gehrlein, Annika Bothe, Julia Maibach, Andrea Balducci,

and Sonia Dsoke*

Due to their high theoretical capacity, transition metal oxide compounds are

promising electrode materials for lithium-ion batteries. However, one drawback
is associated with relevant capacity fluctuations during cycling, widely observed
in the literature. Such strong capacity variation can result in practical problems
when positive and negative electrode materials have to be matched in a full cell.
Herein, the study of ZnMn,O, (ZMO) in a nonconventional electrolyte based on
3-cyanopropionic acid methyl ester (CPAME) solvent and LiPFg salt is reported for
the first time. Although ZMO in LiPF¢/CPAME electrolyte displays a dramatic
capacity decay during the first cycles, it shows promising cycling ability and a
suppressed capacity fluctuation when vinylene carbonate (VC) is used as an

additive to the CPAME-based electrolyte. To understand the nature of the solid
electrolyte interphase (SEI), the electrochemical study is correlated to ex situ X-ray

1. Introduction

Conversion/alloying-type metal oxide (or
sulfide) materials are gaining increasing
attention as a new class of negative electro-
des for Li-ion batteries (LIBs). Compared
with the electrodes based on only conver-
sion or only alloying mechanisms, in this
type of compound, lithium storage relies
on the combination of both mechanisms,
which can confer much higher theoretical
capacities, lower average operational poten-
tials, and smaller discharge/charge voltage
hysteresis.['! After the conversion reaction,
metallic nanograins are generated and dis-

photoelectron spectroscopy (XPS).
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persed in the Li,O (or Li,S) matrix, which

buffers the volume change during the sub-

sequent alloying process. Among different

possible metals, which can form an alloy
with lithium, zinc has some advantages over other metals in
terms of its high availability, low toxicity, and relatively small vol-
ume variation upon alloying/dealloying.!”*! As representative of
conversion/alloying type materials, ZnTM,0, (with TM = Fe,
Co, Mn) spinel-type compounds exhibit promising perspectives
for LIB applications.”! The use of Mn and Fe addresses sustain-
ability issues due to the higher abundance of these metals over
Co in the Earth crust. However, these materials still need to be
optimized to overcome their intrinsic issues.

The issues that need to be addressed are the low electronic
conductivity, the considerable amount of solid electrolyte inter-
phase (SEI) formation, the large irreversible capacity at the first
cycle and the large voltage hysteresis upon charge and dis-
charge.!"’! The elucidation of the electrochemical storage mech-
anism and the understanding of the SEI composition are
essential to finding solutions for these challenges. The Li* stor-
age in ZnMn,04 (ZMO) relies on the redox (conversion-type)
mechanism followed by the alloying process, which induces
the reversible storage of 7 Li" pfu (784 mAh g ').* During
the first lithiation, the spinel ZMO converts to Li-Zn alloy
and metallic Mn nanoparticles embedded in amorphous Li,O.
During the subsequent delithiation, these products convert to
MnO and ZnO.!® Carbon-coating is proved to be an effective
method to improve the cycling stability of the electrode. The
coated layer can suppress the pulverization of the active material
and can inhibit excessive SEI growth.”) The SEI growth is also
viewed from a positive perspective in the scientific community:
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several authors reported that the SEI could be responsible for
extra charge storage in conversion-type materials.’®! However,
for practical applications, the extra capacity can be viewed as a
positive feature only when it is reached in a relatively short num-
Dber of cycles (i.e., like formation cycles) and then it remains con-
stant upon long-term cycling. In our previous study, we observed
a constant capacity increase in ZMO electrode, followed by a
decrease.'® This fluctuation is not beneficial in a full cell system
where the capacities of positive and negative electrodes have to be
carefully balanced. In this context, the choice of the electrolyte
may play a crucial role.

Carbonate-containing electrolytes used in commercial LIBs are
mainly formulated by dissolving lithium hexafluorophosphate, 1 M
LiPFg, in cyclic carbonates like ethylene carbonate (EC) and linear
carbonates such as dimethyl carbonate (DMC). Based on its rela-
tively low cost and superior properties (such as ionic conductivity,
chemical stability to electrodes, and current collectors), LiPFg dis-
solved in a mixture of carbonates (e.g., LP30 commercial electro-
Iyte) is considered as the most sustainable electrolyte for LIBs for
more than two decades.*®! LP30 forms a stable, protective SEI on
typical negative electrodes, such as graphite, and it is, therefore,
the best choice for such kind of materials.""! However, moving
to other types of electrode materials does not imply that the “stan-
dard” electrolyte will still be the best option. A paradigm change is
necessary to match electrolytes to new materials. Moreover, other
aspects have to be taken into account when considering the com-
mercial LP30 electrolyte. LiPFs in EC/DMC is thermally unstable
and can decompose into LiF and PFs. Furthermore, PFs can be
hydrolyzed in the presence of residual water to form HF and
PF;.[" The anodic stability of the conventional LP30 electrolyte
is also limited to 4.3 V."*!*! Exploring safer organic solvents able
to dissolve LiPF¢ and able to operate over a wide temperature
range and in an extended electrochemical stability window has
received increasing attention.’*** Recently, 3-cyanopropionic acid
methyl ester (CPAME), has been proposed as an alternative elec-
trolyte for LIBs, electrochemical capacitors, and lithium-ion
capacitors.">”! The results of these studies show that CPAME-
based electrolytes display a promising set of transport and thermal
properties and that their use allows the realization of devices with
high and stable performance.
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At 30 °C, the electrolyte 1 M LiPF¢ in CPAME displays a con-
ductivity of 3mS cm™?, a viscosity of 10mPas, and an overall
electrochemical stability exceeding 5.5V (at room temperature).
Furthermore, it is stable up to 100 °C.[*"!

In this study, we investigated the use of a CAPME-based elec-
trolyte in combination with ZMO -based electrodes. To the best
of our knowledge, these innovative electrolytes have not been
used with conversion/alloying-type materials before. The main
goal of this study is to understand the impact of CAPME-based
electrolytes on the cycling stability of ZMO. As mentioned ear-
lier, these electrodes are characterized by a rather strong capacity
fluctuation over cycling in conventional electrolytes. This fluctu-
ation represents a limitation for the use of ZMO-based electro-
des in practical systems; therefore, its suppression is essential for
the development of LIB based on this high-capacity anodic
material.

2. Results and Discussion

Figure 1 shows the CV and galvanostatic cycle profiles of ZMO
electrodes in 1 M LiPFs/CPAME electrolyte. As a first attempt, the
upper potential cut-off was set to 3V versus Li*/Li, as usually
done with this material and a standard LP30 electrolyte.
However, an increase in oxidative current is observed at poten-
tials higher than 2.6V versus Li*/Li, which leads to a very fast
capacity decay (Figure S1, Supporting Information). To avoid this
parasitic reaction, in the following experiments, the upper poten-
tial cut-off was limited to 2.6 V. However, it is evident that the fast
fading of the capacity is not due to the choice of the potential cut-
off, as the shape of the CV curves continuously changes with
every cycle also in the restricted potential span (Figure 1a).
After only three cycles, the characteristic redox peaks cannot
be distinguished anymore. The poor stability is confirmed by gal-
vanostatic cycling, as shown in Figure 1b: after only 10 cycles, the
capacity drops from 480 to 100 mAh g™,

CPAME is known as a nonfilm-forming solvent and the proper
formation of a protective passivation film seems to be essential
for the cyclability of ZMO. To form a protective film, 2 wt% VC
was added to the CPAME-based electrolyte (CPAME/VC). In the
presence of the VC additive, after the first cycle, the CV profiles
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Figure 1. a) CV at 0.1 mV's™' on ZMO electrodes with 1 M LiPFg/CPAME electrolyte in the potential range 0-2.6 V. b) Galvanostatic profiles of a ZMO

electrode recorded at 0.1A g™ in the potential range 0-2.6 V.
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Figure 2. Consecutive CV curves recorded at a scan rate of 0.1 mV's~' on ZMO electrodes in a) CPAME/VC and b) LP30; comparison of the c) first CV and
d) fifth CV in the two electrolytes; galvanostatic potential profiles at a current density of 0.5A g™ of ZMO electrodes in e) CPAME/VC and f) LP30.

are overlapping, indicating improved stability (Figure 2a). The
electrochemical signature is similar to the one achieved with
the commercial electrolyte LP30, with some small differences
in current intensity and peaks broadening (Figure 2a—d).

After the first cycle, the voltammograms show two cathodic (at
about 0.8 and 0.5 V vs Li*/Li) and two anodic peaks (at about 1.3
and 1.7 V vs Li*/Li), respectively, correlated to the steps of reduc-
tion and oxidation of ZnO-MnO material.

Figure 2d shows the direct comparison of the fifth cycle of
ZMO electrodes in the two electrolytes. The redox peaks in
LP30 are sharper and less polarized due to the different conduc-
tivity and viscosity of the electrolytes.'>! The galvanostatic pro-
files recorded at 0.5Ag " are shown in Figure 2ef. Apart
from a slightly lower capacity, the electrode with CPAME/VC
performs similarly to the one with the commercial electrolyte.
The presence of a small amount of VC in the CPAME system
can drastically improve the performance by forming a passivation
layer on the surface of ZMO.

In CPAME/VC electrolyte, the rate capability of ZMO is
poorer than in LP30 (Figure 3), which can be correlated to the
higher viscosity and lower conductivity of this electrolyte.
However, while at each current density, an increase in capacity
can be observed in LP30, in CPAME/VC the capacity values are

Energy Technol. 2021, 9, 2100247 2100247 (3 of 8)

more stable. This result indicates higher stability of ZMO in the
CPAME/VC electrolyte than in the LP30, where severe capacity
fluctuations during cycling can be observed.[®

Indeed, during cycling, the capacity of the cell with CPAME/
VC decreases slowly and continuously. In contrast, ZMO under-
goes dramatic capacity fluctuations in LP30 (Figure 4a). In LP30,
the capacity slightly decreases during the initial ~30 cycles, then
increases dramatically during 30-100 cycles and finally decreases
again (100-150 cycles). Interestingly, the capacities become
nearly identical after 150 cycles in both electrolytes. To under-
stand if there are any relevant effects due to the presence of
VC, an electrode was cycled in LP30 electrolyte with the addition
of the same amount of VC (LP30/VC). Also in this case, drastic
capacity variations are observed, even stronger than with the pure
LP30, indicating the critical role of the carbonate-type component
on the contribution to the extracapacity. As mentioned in
Section 1, such strong capacity fluctuations are detrimental
for a real-world battery, where capacities of positive and negative
electrodes should be matched as precisely as possible. Indeed, a
strong mismatch in capacity during cycling might result in bat-
tery failure. As shown, ZMO, in combination with CPAME/VC,
does not undergo these undesirable capacity fluctuations, which
is an advantage from a practical point of view. In addition, the

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 3. Rate test with current densities from 0.1 to 5.0Ag™' on ZMO
electrodes in CPAME/VC and LP30 electrolytes.

CPAME-VC-based electrolyte confers the best Coulombic effi-
ciency over the three electrolytes (Figure 4b), which approaches
after the initial cycles ~100%. This result outlines that beyond
the choice of the active material, the electrolyte plays a vital role
on mitigating side reactions and on the cycling life of a cell.
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Figure 5 shows the evolution of the potential profiles in the
three electrolytes. In all cases, the curves progressively change
to a pseudocapacitive-linear feature as the initially sloped plateau
is progressively smoothed in the high potential region. In the
case of LP30, the capacity increases and reaches its maximum
after about 100 cycles (light blue curve in Figure 5b). In the case
of CPAME/VC, the shape of the curve at the 100th cycle is similar
to the ones obtained in LP30 and LP30/VC but with a lower
capacity (Figure 5a).

To obtain information about electrolyte decomposition prod-
ucts, the XPS technique was used. The analyzed electrodes were
cycled in the following electrolytes: pure CPAME, CPAME/VC,
pure LP30, and LP30/VC. The analyses were carried out on sam-
ples after the 5th and the 200th cycles. All spectra were measured
on electrodes at delithiated states (i.e., after conditioning at 3 V vs
Li*/Li for 1h) and all peaks were assigned according to litera-
ture.l"® Figure 6 shows the C 1s and N 1s spectra of electrode
cycled in pure CPAME and CPAME/VC, as well as the C 1s spec-
tra of LP30 and LP30/VC. O 1s and F 1s spectra can be found in
Figure S1 and S2, Supporting Information.

Figure 6a shows the C 1s photoelectron spectra of electrodes
cycled in pure CPAME and CPAME/VC. The spectrum of the
CPAME-cycled electrode shows six peaks. The peak at
284.4 eV corresponds to sp>-hybridized carbon in carbon black
and in the SBR-binder. This peak was fitted asymmetrically
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Figure 5. Potential profiles upon cycling of the ZMO electrode with the a) CPAME/VC, b) LP30, and c) LP30/VC electrolytes.

Energy Technol. 2021, 9, 2100247 2100247 (4 of 8)

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

www.entechnol.de

(a) (b) (c) (d)
CPAME -C=N LP30/VC i -CH
5 cyc i 5 cyc
solvent

decomp.

-CO CB

Poly(V‘C)

CPAME/VC
5 cyc

CPAME/VC &
5 cyc

Poly(VC)

Intensity (a.u.)

LP30/VC
200 cyc

CPAME/VC

CPAME/VC
100 cyci 100

cyc

404 402 400 398 396
binding energy (eV)

288 285 282

204 291
binding energy (eV)

294 291 288 285 282
binding energy (eV)

204 201 288 285 282
binding energy (eV)

Figure 6. a) C 1s spectra of CPAME, CPAME/VC-5 cyc, and CPAME/VC-200 cyc, b) N 1s of CPAME, CPAME/VC-5 cyc, and CPAME/VC-200 cyc, and
c) C 1s spectra of LP30-5 cyc and LP30-200 cyc, and d) C Ts spectra of LP30/VC-5 cyc and LP30-VC-200 cyc.

due to sp™hybridized carbon. The second peak at 285 eV corre-
sponds to hydrocarbons contained in the SEI. —C—O compounds
as well as nitrile groups (—C=N and C—C=N) of the CPAME sol-
vent give rise to a peak at around 286.6 eV. All the three compo-
nents were fitted as one because their binding energies are very
close to each other. The peaks at 288.2, 289.1, and 290.8 eV are
resulting from —C=0, —CO,, and —CO; components, respec-
tively, which are part of the SEI. Peaks corresponding to the
sodium carboxymethyl-cellulose (Na-CMC) binder overlap with
the —C—0 (286.6 eV) and —CO, (289.1 eV) peaks of the SEIL

The N 1s spectra of the electrode with pure CPAME and
CPAME/VC are shown in Figure 6b. In pure CPAME, two peaks
are observed after five cycles. The first peak at 400eV corre-
sponds to the nitrile group (—C=N) deriving from CPAME res-
idues and CPAME decomposition products. A second
decomposition product is observed at around 399 eV. It repre-
sents compounds with higher electronic density on the nitrogen
atom (e.g., C=N" groups)."”’ The high content of these two
nitrogen-containing compounds indicates a large amount of
CPAME solvent being decomposed during cycling. This result-
ing interfacial film can explain the poor electrochemical
performance of pure CPAME. This film probably possesses
low lithium-ion conductivity and may also break apart the
conductive network among carbon black, ZnMnO,, ZnO, and
MnO, creating electrically insulated regions.

The first difference observed when adding VC to CPAME
is the decrease in the intensity of the peaks related to the
N-containing decomposition products. This decrease can be
observed in the C 1s spectrum at around 286.6 eV (Figure 6a).
Compared with the spectrum related to the system without
VC, this peak now mainly consists of —C—O-type compounds.
For the N 1s spectrum, only the peak associated with nitriles

Energy Technol. 2021, 9, 2100247 2100247 (5 of 8)

at 400eV remains and no second peak is observable
(Figure 6b). The overall nitrogen concentration in the SEI
decreases from 4.7 at% (without VC) to 1.0at% (with VC),
as shown in Table 1. The second difference is the emergence
of VC decomposition products such as poly(VC) observed
in the C 1s spectrum at around 291.3 eV (—COjs poiyvc)) and
288.2 eV (C—CO3 poty(vcy)->”!

Comparing the spectra of CPAME/VC, LP30/VC, and LP30,
similar SEI chemical compositions are observed (Figure 6a,c,
d). After five cycles, the intensity related to the carbon black peak
at 283.5 eV is higher for the LP30-sample. In the presence of VC
(i-e., LP30/VC & CPAME/VC), the peak related to the carbon
black peak is less intense, suggesting a thicker SEI. This obser-
vation is contrary to findings in the literature, where VC is found
to generate a thinner SEI when using graphite electrodes.””"]
After 200 cycles, the main difference lies in the intensity of
the carbonate peak at 290.8 eV. The electrodes cycled in LP30
and LP30/VC demonstrate higher —CO; abundance in the
SEI than the electrode cycled in CPAME/VC. This could be
explained by the formation of a less stable SEI in the case of
LP30 and LP30/VC, leading to higher electrolyte consumption
and carbonate formation.

However, the higher carbonate content is not a conclusive
explanation for the higher capacities of the electrodes cycled
in LP30 and LP30/VC. In fact, overall, the SEI compositions
of electrodes cycled in LP30, LP30/VC, and CPAME/VC are very
similar. This is not surprising as the SEI is being formed, in all
cases, out of the decomposition of carbonate-containing com-
pounds (i.e., VC or EC & DMC). Therefore, it is difficult to deter-
mine whether and how the SEI composition influences the
difference in capacity fluctuation. Overall, CPAME/VC seems
to be a good electrolyte system, forming a stable and protective

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH
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Species CPAME CPAME/VC CPAME/VC LP30/VvC LP30/VvC LP30 LP30
Scyc Scyc 200cyc Scyc 200cyc Scyc 200cyc
Cls CB 44 1.7 0 1.7 0 6.5 0
CH2 19.5 15.1 19.9 249 17.3 29.2 16.9
—C—0 12.4 5.7 10.7 9.0 9.9 8.2 10.6
=0 4.5 9.0 5.1 7.6 23 2.1 2.1
—CO, 2.0 3.0 3.2 3.5 15 2.8 2.5
—CO; 0.9 0.8 23 1.4 5.3 3.6 6.2
Poly(VC) 0 3.0 1.0 2.9 0 0 0
N 1s —C=N 1.8 1.0 0.5 0 0 0 0
Solv. decomp. 2.9 0 0 0 0 0 0
O1s Li,O 0 0 1.6 0 0.8 0 0
ROLi 13 0 6.8 0 6.8 3.1 23
—C=0 13.6 8.3 1.2 15.2 15.5 17.3 20.7
—C—O, Li,PF,0, 35 7.1 2.2 8.3 48 6.5 9.6
Poly(VC) 0 7.4 1.5 7.4 0 0 0
Fls Li,PF, 7.4 15.8 2.4 4.5 3.9 3.6 7.4
LiF 5.0 1.1 0.7 0.6 2 1.7 0.6
P 2p Li,PF,O, 0.6 0.6 0.2 0.2 0.2 0.2 0.1
Li,PF, 1.0 13 0.3 0.7 0.7 0.7 1.2
Li1s Li—X 17.9 14.0 31.0 12.0 28.9 14.7 19.4

SEI layer on ZMO electrodes. A quantitative estimation of the
SEI thickness is not possible from XPS due to the fact that
the active material under the passivation layer cannot be
detected. However, while LP30 and LP30/VC show an increase
in carbonates during cycling, no additional decomposition prod-
ucts deriving from the CPAME solvent are observed for the
CPAME/VC electrolyte after 200 cycles. The increase in carbon-
ate content in the case of LP30 and LP30/VC can be correlated to
an unstable SEI and continuous electrolyte decomposition, lead-
ing to the extra capacity. On the other side, the addition of a small
amount of VC in CPAME prevents excessive solvent decomposi-
tion, hence positively influencing the cycling behavior and sup-
pressing the capacity fluctuation. Table 1 shows the atomic
percentages as calculated from XPS. The percentage of detected
Li increases with the cycle number for all electrolytes. As the elec-
trodes are analyzed in their delithiated state (where Li,O should
not be present, or present in a very small amount), the presence
of Li can be attributed to the decomposition of the salt on the
electrode surface. However, as shown in Table 1 and in the
Ols spectra in Figure S2, Supporting Information, Li,O is
detected on electrodes cycled in CPAME/VC and LP30/VC after
200 cycles. This could be correlated to a partial irreversible reac-
tion, leading to residual Li,O on the surface.

3. Conclusions
This work reports for the first time about the electrochemical

behavior of CPAME-based electrolytes with conversion-type
materials (i.e., ZMO, in this specific case). CPAME alone

Energy Technol. 2021, 9, 2100247 2100247 (6 of 8)

strongly decomposes on the electrode, without forming a proper
protective and Li-conductive layer, resulting in a dramatic drop of
capacity during the initial cycles. It is found here that the pres-
ence of a minimum amount of carbonate (in this case VC) is vital
to suppress the excessive CPAME decomposition. The combina-
tion of CPAME and VC leads to stable cycling performance of
ZMO without capacity variations and improved reversibility.
On the contrary, in agreement with the literature, carbonate-
based electrolytes such as LiPFg in EC/DMC lead to continuous
decomposition and associated strong capacity variations during
cycling. XPS analysis carried out on relatively fresh electrodes
(after 5 cycles) and on “aged” electrodes (after 200 cycles), reveals
an increase in the amount of carbonates when the electrodes
are cycled in EC/DMC and EC/DMC/VC-based electrolytes. On
the other side, no such increase is observed for the CPAME/
VC-solvent mixture. Although the electrolyte composition based
on CPAME can be further improved to obtain even better capacity
retention over time, this study opens up a new possibility of
combinations of conversion/alloy-type materials with alternative
solvents, which can suppress the dramatic capacity variation.

4. Experimental Section

Synthesis of the ZMO Nanoparticles: Based on our previous report,®
the ZMO nanoparticles were prepared via the oxalic acid coprecipitation
method. Zinc acetate dihydrate (Zn(CH3COO),-2H,0, Alfa Aesar, 98%),
manganese acetate tetrahydrate (Mn(CH3;COOQ),-4H,0, Aldrich, 99%),
and oxalic acid (H,C,0,4, Aldrich, 99%) were used without further
purification. Zinc acetate dihydrate and manganese acetate tetrahydrate
were dissolved in deionized water to form a 0.4 M solution. This zinc

© 2021 The Authors. Energy Technology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.entechnol.de

ADVANCED
SCIENCE NEWS

Energy Technology

rsion, Storage, Di

www.advancedsciencenews.com

acetate and manganese acetate (Mn/Zn=2:1 molar ratio) solution
was then added into 0.4 M oxalic acid aqueous solution (oxalic acid/metal
jons = 1.5:1 molar ratio) and stirred at 600 rpm for 0.5 h. The obtained
precipitate was washed and centrifuged several times with deionized water
and ethanol. The precursor was obtained after drying at 80°C for 12 h.
Subsequently, the cp-ZMO was calcined at 500 °C for 3 h in air, labeled
as ZMO.

Preparation of the Electrolytes: The electrolytes based on 1 molL™" of
LiPFs salt dissolved in 3-cyanopropionic acid methyl ester pure
(CPAME) and with 2% VC additive (CPAME/VC) were prepared under
a dry atmosphere in a glovebox. LP30 electrolyte (1M LiPFg in EC/
DMC =1:1 by mass ratio) was purchased from BASF. A fourth electrolyte
was prepared by adding 2% VC as the additive (LP30/VC). All electrolytes
were stored and used in a glovebox. The conductivity, viscosity, thermal,
and electrochemical stabilities of the electrolyte are available in previous
studies.l'>"”!

Electrodes Preparation and Cells Assembly: The working electrodes
were prepared by mixing ZMO (60 wt%), carboxymethyl cellulose—
styrene-butadiene rubber (CMC-SBR) binder (20wt%, R6020/1001,
Solvay), and carbon black (20 wt%) in water. The slurry was coated on
a copper foil. The coated foils were dried at 80°C for 12 h in a vacuum
oven. Afterward, the foils were punched out into disc electrodes (¢
12 mm) with active mass loading of 1.2-1.6 mg cm 2. The assembled coin
cells (CR2032 type) consist each of a working electrode, a Whatman glass-
fiber separator (¢ 17 mm), a lithium foil (¢ 15 mm, Alfa Aesar) as counter
electrode, and 180 pL of electrolyte. The coin cells were assembled in an
argon-filled glovebox (MB200, MBraun GmbH) and kept in a climate cham-
ber (Binder) at 25 °C during the electrochemical tests. Galvanostatic charge/
discharge (GCD) and cyclic voltammetry (CV) were carried out using a Bio-
Logic potentiostat equipped with EC-Lab software for data analysis.

Characterization of the Electrode Materials via XPS: XPS measurements
were carried out with a Ko spectrometer from Thermo-Fisher Scientific. A
microfocused, monochromated Al Ko X-ray source with 400 pm spot size
was applied. The pass energy was set to 50 eV. Data acquisition and han-
dling were done via the Thermo Avantage software by Parry et al. Spectra
were fitted with one or more Voigt profiles and Scofield sensitivity factors
were applied for quantification. All spectra were referenced in binding
energy to the hydrocarbon C 1s peak at 285 eV. Before XPS measurements,
all samples were washed three times with DMC and mounted on a sample
holder using conductive copper tape. The sample preparation was carried
out in an argon-filled glovebox (H,O and O, < 1 ppm). The transfer to the
spectrometer was done via a transfer module under inert gas conditions.
To ensure the stability of the SEI in delithiated states, the electrode
potential was held for 10 h after the electrochemical delithiation.
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