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HIGHLIGHTS GRAPHICAL ABSTRACT

e Novel phospholane additive enhances
performance of the NMC811||SiC cell
chemistry.

e Decomposition of phospholane additive
on cathode and adsorption on anode.

e Synergistic impact of VC and
phospholane-based additives.

o Significantly improved cell performance
compared to FEC counterpart.

ARTICLE INFO ABSTRACT

Keywords: Herein, we report on the 2-phenoxy-1,3,2-dioxaphospholane (PhEPi) molecule as a novel functional
Non-aqueous aprotic fﬂeCtrolyte phospholane-based electrolyte additive. The presence of PhEPi in optimal concentration in the baseline elec-
Electrodelelectrolyte interface trolyte (EC:EMC 3:7, 1 M LiPF) significantly enhances the electrochemical performance of the NMC811||Si-
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graphite cell chemistry. To further optimize the cell’s overall performance, two well-known film-forming ad-
ditives, namely, vinylene carbonate (VC) and fluoroethylene carbonate (FEC), were used as co-additives with
PhEPi, and the resulting cells thoroughly characterized by selected electrochemical and spectroscopic tech-
niques. The addition of PhEPi to the VC-containing electrolytes showed the complementary advantages of high
specific discharge capacity and prolonged cycle life of the considered cells and outperformed the overall per-
formance of the FEC counterpart. To gain better understanding of the role of each additive on the individual
positive and negative electrode interphases, we conducted a systematic investigation of both electrodes, which
were pre-cycled against Li-metal electrode. Post mortem spectroscopic investigations of the corresponding in-
terphases provided insights into the synergistic effect of VC and PhEPi in the NMC811||Si-graphite cell
chemistry.
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1. Introduction

Lithium-ion batteries (LIBs) are one of the most effective energy
storage systems [1,2]. Intensive research has been devoted to the tran-
sition from conventional to next-generation LIBs by developing alter-
native positive and negative electrode materials with higher theoretical
specific capacities. For this reason, Si-based negative electrodes [3,4]
and nickel-rich positive electrodes [5] were recognized as two viable
examples of LIBs’ next-generation electrode materials. However, due to
their interfacial/interphasial instabilities, batteries containing the
aforementioned active materials often experience rapid failure [6]. This
failure results from irreversible phase transitions, transition metal
dissolution, and oxygen evolution during charge/discharge cycling on
the positive electrode side (e.g. LiNiyMnyCo,02, NMCxyz) [7]. On the
other side, a significant volume expansion of Si-based negative elec-
trodes during (de-)lithiation leads to surface structure cracking and
renewed interphase formation in each cycle [8-10]. It should be noted
here that in addition to different solid electrolyte interphase (SEI) dy-
namics of intermetallic (e.g. Si.) and carbonaceous anode materials (e.g.
graphite) [11,12], there are also notable differences in regard to elec-
trolyte decomposition and SEI formation mechanisms [13]. Tailoring
the electrolyte composition and the resulting formulation to tackle the
failure mechanism imposed by Si- and NMC-based electrodes represents
one of the major challenges. It is believed that many of the aforemen-
tioned failure modes in NMC and Si-based electrodes can be overcome
by the formation and controllable dynamics of a flexible, but still robust
interphase. It is consequently critical to developing high-performance
electrolyte formulations to modify the interphase characteristics,
enabled by replacing or adding the right combination of functional
electrolyte components ie. conducting salt, solvent/co-solvent, or
functional/multifunctional additives in an optimum amount [14].
Incorporating functional electrolyte additives into baseline electrolyte
formulations is shown to be one of the most effective and cost-favorable
strategies. Functional additives can be sacrificially reduced and/or
oxidized at corresponding electrodes to form effective protective layers
on the negative and the positive electrode, known as SEI [15] and
cathode-electrolyte interphase (CEI [16]), respectively [8,17]. The
presence of an effective interphase(s) can suppress the parasitic re-
actions on the electrodes resulting in a lower irreversible active Li loss
[18] rate during cell performance [19]. The importance of interphases to
suppress parasitic reactions of charged electrodes with the electrolyte
has been first addressed in a comprehensive SEI model by Peled and
co-workers [15].

Up to now, there are a number of electrolyte additives that have
shown a significant influence on LIB cell performance. Fluoroethylene
carbonate (FEC) is the most investigated electrolyte co-solvent/additive
for Si-based anodes, followed by vinylene carbonate (VC) [8]. Despite
beneficial effects [20,21], due to the presence of fluorine, FEC is a rather
cost-intensive additive, which may significantly impact the overall cost
of the resulting electrolyte. This effect is particularly evident when FEC
is implemented into the electrolyte formulation at the common ten
weight/volume percent [22]. Additionally, FEC contains fluorine, which
is considered as environmentally unfriendly and raises ecological con-
cerns [10,23-25]. There are possibilities as solutions to this challenge,
either to combine FEC with co-additives with complementary func-
tionalities or to replace it with an alternative additive that has similar
beneficial implications at the anode [26].

As mentioned, VC is widely recognized as a film-forming additive
that stabilizes the SEI, which is predominantly generated during the first
cycle prior to the decomposition potentials of the electrolyte solvent
molecules, such as ethylene carbonate (EC) and linear carbonates like
ethyl methyl carbonate (EMC) and dimethyl carbonate (DMC) [27-29].
As a result, presence of VC additive enhances galvanostatic cycling
performance and decreases irreversible capacity loss of the cell. Rayan
and co-workers showed that 3 wt% VC as an electrolyte additive on the
Si-nanowire electrode outperforms FEC [30]; even at 60 °C, it was
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identified as the most effective additive for this particular anode [23].
One of the reasons for observing this improvement is due to the for-
mation of a dense poly(VC) film on the negative electrode surface,
prohibiting the solvent molecules from reaching the active Si and thus
diminishing innevitable parasitic reactions [17,31]. On the other hand,
they found that VC containing electrolytes suppress the initial discharge
capacity of the overall cell, related to the low Li-ion conductivity of the
formed poly(VC) film on the surface [23]. VC can be considered a
feasible alternative to FEC as this molecule contains no fluorine in the
structure, has a lower cost [32], and according to the literature, has a
comparable influence to FEC on performance of the Si-based anode cells
[8,17,23]. Our previous studies showed that phospholane-based addi-
tives have the potential to stabilize the electrode|electrolyte interface by
forming an effective CEI on the positive electrode, thus enhancing the
overall cell performance [33]. Due to its characteristics, such as
film-forming ability and flame-retardancy, class of phospholane-based
additives is a suitable candidate for high-voltage applications and
enhanced safety performance [34]. The film-forming ability of the
phospholane-based additives results from the ring-opening reaction on
the positive electrode and subsequent polymerization, which prevents
further electrolyte decomposition [2,23,24]. Among several novel de-
rivatives, the 2-phenoxy-1,3,2-dioxaphospholane (PhEPi) additive
showed the most promising characteristics. Within this work we intro-
duce PhEPi into the baseline electrolyte (BE; 1 M LiPF in EC:EMC 3:7 by
vol.), compared to reference electrolyte (1 M LiPF¢ in EC:EMC 3:7 by
vol. + 10% FEC) to enhance the galvanostatic cycling performance
while reducing/eliminating the FEC content. A practical approach that
is utilized in this work comprises simultaneous implementation and
investigation of PhEPi with FEC and/or VC to enhance the galvanostatic
cycling performance of the resulting cell chemistry. The significant in-
fluence of phospholane-based additives on CEI can be combined in a
synergistic approach with SEI additives to bring additional enhancement
to the overall cell performance. The synergistic effect of the co-additives
with PhEPi was studied by selected complementary electrochemical and
spectroscopic techniques. A systematic investigation of positive and
negative electrodes that were pre-cycled vs. Li-metal was conducted to
understand the role of each additive on the individual electrode
interphases.

2. Experimental section
2.1. Materials and synthesis

2.1.1. Synthesis of the phospholane-based derivative and characterization

Ethylene chlorophosphite (97%) was purchased from Alfa-Aesar.
Phenol (99.5%) was purchased from Sigma-Aldrich. Pyridine (99%)
was purchased from TCI. Diethylether (99%), Celite 545 and 3 A mo-
lecular sieves beads were purchased from Merck. Et;0 was dried using a
PureSolv solvent purification system (Inert Corporation), pyridine was
dried over Na and distilled, and stored over 3 A molecular sieves under
Ar before use. PhEPi was synthesized in flame-dried glassware under an
argon atmosphere using standard Schlenk-techniques following a
modified literature procedure [35]. 2-Chloro-1,3,2-dioxaphospholane
(6.0 mL, 67.5 mmol) and pyridine (5.4 mL, 67.5 mmol) were dis-
solved in dry Et;0 (200 mL), and the solution was cooled to 0 °C.
Thereafter, a solution of phenol (6.36 g, 67.5 mmol) in dry Et30 (50 mL)
was added dropwise over a period of 5 min, leading to the formation of a
white precipitate. The suspension was allowed to warm to room tem-
perature and was stirred for 24 h. After filtering through a plug of Celite,
the solvent was removed with a condensation trap at room temperature
under a pressure of 40 mbar. Fractioned distillation of the residue
through a Vigreux column yielded the product (6.547 g, 52%; 47 °C, 0.4
mbar) as a colorless liquid (Scheme 1).

'H NMR (400 MHz, 300 K, Benzene-dg): § = 7.05 (m, 2H, 0-Ph), 6.99
(m, 2H, m-Ph), 6.82 (m, 1H, p-Ph), 3.60 (m, 2H, CHj), 3.29 (m, 2H,
OCHy).
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Scheme 1. Synthesis route of PhEPi.

13¢{'H} NMR (101 MHz, 300 K, Benzene-de): 5 = 152.48 (d, 2Jcp =
3.4 Hz, i-Ph), 129.95 (m-Ph), 124.01(d, %Jcp = 1.1 Hz, p-Ph), 121.08 (d,
4Jep = 6.9 Hz, 0-Ph), 64.10 (d, 2Jcp = 8.8 Hz, CHy).

31p{IH} NMR (162 MHz, 300 K, Benzene-dg): 5 = 128.8.

2.1.2. Electrolyte components and electrode materials

NMC811 single-sided electrode sheets with 1.67 mAhecm 2 and Si-
graphite single-sided electrode sheets with 2 mAhecm 2, containing
20% silicon, purchased from Targray, were kept in the dry room (dew
point < —60 °C) and dried for 12 h at 120 °C under vacuum (10721073
mbar) prior to use. Thereafter, they were stored in the argon-filled
glovebox (MBraun Labmaster, HoO and O3 content <0,5 ppm). Li
metal (500 pm thickness) purchased from China Energy Lithium CO. Ltd
was kept inside the argon-filled glovebox as well. Celgard 2500 as a
separator for 2032-type coin cells and Whatman grade GF/D (10, 13
mm) as a separator for Swagelok T-cells were dried overnight at 60 °C
and stored in the argon-filled glovebox. All considered electrolyte sol-
vents (EC, EMC, FEC) and conducting salt (LiPFg¢) were provided by
Solvionic Co. in battery grade, including the baseline electrolyte (1 M
LiPF¢ in EC:EMC 3:7 by vol.). VC was purchased from E-Lyte In-
novations. The resulting electrolyte formulations were stored in the
argon-filled glovebox.

2.2. Electrolyte formulation and cell assembly

1 M LiPFg in EC:EMC (3:7 by vol.) was used as a baseline electrolyte
(BE). All considered electrolytes were formulated by adding different
concentrations of PhEPi and LiPFg by molar ratio and different amounts
of FEC/VC by weight percentage to an EC:EMC (3:7 by vol.) stock so-
lution in a volumetric flask. All considered cells were assembled in an
argon-filled glovebox (MBraun Labmaster, H,O and O content <0,5
ppm). For all galvanostatic cycling measurements, two-electrode [36]
2032-type coin cells with one layer of Celgard 2500 separator and 35 pL
of electrolyte were assembled. For assembling cells with pre-cycled
electrodes (section 3.3.1), the electrodes were first cycled vs. Li metal
electrodes using different electrolytes for the three formation cycles. The
cells were thereafter disassembled and reassembled in a two-electrode
NMCB811||SiC configuration after rinsing the pre-cycled electrodes
with 1 mL EMC. Then galvanostatic cycling was continued with the
reassembled cells.

For cyclic voltammetry measurements (CV), 3-electrode Swagelok T-
cells with one layer of Whatman grade GF/D (10, 13 mm) as the sepa-
rator and 200 pL of electrolyte were assembled with SiC or NMC811
electrodes as a working electrode and Li metal as counter and reference
electrodes.

2.3. Electrochemical characterization

CV measurements were conducted using a VSP potentiostat (Bio-
Logic) at a scan rate of 0.025 mV s~ ! in a 3-electrode setup. The cells
were cycled for three cycles in the potential range from 3.4 to 5 V vs. Li|
Li * for NMC811 or from 0.01 to 1.5 V vs. Li|Li™ for SiC, starting from the
open circuit potential (OCP).

Galvanostatic cycling measurements were performed on a battery
tester (MACCOR series 4000 and Arbin BT-2X43) in the voltage range of
2.8 V-4.2 V. After 6 h rest, three formation cycles of the cells were
conducted at C/10. After formation, the cells were galvanostatically
cycled at C/3 for 100 cycles.
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For SiC||Li cells, the theoretical capacity was multiplied by 0.835 to
account for the electrode’s N/P ratio and mimic the current density of
NMC811||SiC cells. After formation, NMC811||Li and SiC||Li cells were
dissembled, reassembled in NMC811||SiC configuration and cycled at
C/3 for 100 cycles.

2.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements were
carried out at a Bio-Logic VMP3 workstation. First, two-electrode cells
were galvanostatically cycled for formation, then based on the work of
Petibon et al. [37] charged to 50% state-of-charge (SOC). Full cell
impedance was measured at a range of 10 mHz-100 KHz after 30 min of
rest time. Thereafter, the coin cells were disassembled, and symmetric
cells with 35 pL of the same electrolyte were reassembled and imped-
ance spectra of the symmetric cells recorded.

2.5. X-ray photoelectron spectroscopy

XPS measurements were carried out at a 0° angle of emission and a
pass energy of 200 eV using a monochromatic Al Ka source (Ephoton =
1486.6 eV) with a 10 mA filament current and a filament voltage source
of 12 kV. The analyzed area had approximately 400 pm spot size. A
charge neutralizer was used in order to compensate for the charging of
the sample. The F 1s peak at 684.8 eV (LiF) was taken as an internal
reference for the adjustment of the energy scale in the spectra. To avoid
any contact with oxygen and/or moisture, considered XPS samples were
sealed in vials for transfer to the measurement device after preparation.
The sealed vials were stored and opened in a mini glovebox connected to
the XPS device shortly before measurement. CasaXPS software was used
for fitting the measured spectra and Peaks assigned in accordance with
known literature values [38,39].

2.6. Raman spectroscopy

For Raman investigation of the interphases, a Horiba Scientific
confocal Raman microscope (LabRAM HR evolution, air-cooled CCD
detector) was used. Sample excitation was conducted by a red laser
(wavelength of 633 nm) and an output power of 10.5 mW at the sample,
which was adjusted by a 10% filter to 1.05 mW with a 600 line/mm
grating. The laser was focused using a 50X long-working distance
objective (Zeiss, 9.2 mm, numerical aperture 0.5). Raman spectra were
collected using three 35-second integrations. LabSpec6.6.2 was used to
operate the Raman microscope, collect spectra, and analyze the data
(Horiba Scientific). Before the measurement, the system was calibrated
on the silicon band at a Raman shift of 520.7 cm ™.

2.6.1. Shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) sample preparation

The utilized Au-nanoparticles (NPs) were synthesized by citrate
reduction of an Au(III)-solution, following the procedure of Li et al. [40]
For the investigation, NPs with the size of 55 nm were synthesized.
Before application, the NPs were coated with a silica shell using a hy-
drolyzed sodium silicate solution. The shell had a thickness of approx-
imately 4 nm. For applying the coated NPs to the surface of the
investigated electrode, the silica-coated nanoparticles were transferred
into isopropanol, subsequently drop-casted on an optical window, and
dried in the oven before transferring to the argon-filled glovebox. The
optical window was brought in contact with the surface of the electrodes
on the NP-coated side for the SHINERS measurements. An airtight op-
tical cell (EL-CELL ECC-Opto-Std) was used for all Raman measure-
ments. The considered electrodes were harvested from NMC811||SiC
coin cells, which were cycled for three formation cycles at the rate of 0.1
C between 2.8 and 4.2 V. After formation, the cells were charged to 50%
SOC and opened in an argon-filled glovebox to extract the electrodes for
SHINERS investigation.
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3. Results and discussion
3.1. Electrochemical characterization

To determine the electrochemical stability of the PhEPi containing
electrolyte formulations, cyclic voltammetry measurements were per-
formed. The oxidative stability of PhEPi on NMC811 is represented in
Fig. 1a and b. Decomposition of PhEPi is observed in the first cycle
(Fig. 1a) by the broad peak starting at 4.3 V vs. Li|Li*. The subsequent
cycles in Fig. 1b reveal the absence of this peak, indicating PhEPi
decomposition taking place only in the first cycle. As shown in Fig. 1c,
no cathodic decomposition peak of PhEPi could be observed. Fig. 1d
displays the cyclic voltammogram of the PhEPi containing electrolytes
with/without VC as co-additive. By comparing these two graphs, a peak
around 4.9 V vs. Li|Li" can be attributed to VC decomposition.

3.2. Impact of PhEPi additive on galvanostatic cycling performance

Galvanostatic cycling of NMC811||SiC cells was performed to eval-
uate the performance of PhEPi and of the co-additives, both as single
additive and in a mixture with VC. In order to identify the optimum
amount of considered additives, a concentration screening in the range
of 0-2 M for PhEPi and 0 to 10 wt% for the co-additives was performed
(Fig. S1). Fig. 2a shows the cycling performance of cells with electrolytes
containing the respective optimum amounts of single PhEPi and VC
additives, as well as the combination thereof. The presence of PhEPi in
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the optimum amount in NMC811||SiC cells significantly improves the
initial specific discharge capacity compared to the BE containing
counterpart, as depicted in Fig. 2a. The first cycle specific discharge
capacity of PhEPi containing cells starts at 183 mAheg ™!, whereas the
value for the BE-containing counterpart amounts to 160 mAheg™'.
Furthermore, the first cycle specific discharge capacity of the cells
containing 10% FEC and 8%VC has a lower value compared to the cells
containing PhEPi as well (157 and 153 mAheg™! for FEC and VC,
respectively). For a deeper observation of the fading rate, the capacity
retention (CR) was normalized by the fourth cycle. The CR of cells
containing no additive reaches 80% after the 16th cycle. Despite the
increased discharge capacity, the addition of PhEPi to the electrolyte has
no significant impact on the CR. Although the specific discharge ca-
pacity in the first cycles is lower for VC containing cells compared to the
baseline electrolyte containing counterpart, capacity fading is much less
pronounced. For FEC containing cells, no drop in initial discharge ca-
pacity was observed. However, the improvement of capacity fading is
significantly less pronounced than for the VC containing counterparts.
As a consequence, the FEC containing cells reach 80% state of health
(SOH) after 20 cycles compared to 25 cycles for the VC containing
counterparts.

In line with this, we combined PhEPi with FEC or VC to further
enhance the galvanostatic cycling performance. Surprisingly, we
observed that the combination of PhEPi with VC has a superior impact
on the overall cell performance regarding higher initial specific
discharge capacity than for VC alone, less fading, higher coulombic
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-0.2 4 b)

34 36 38 40 42 44 46 48 50

Potential vs. Li|Li* [V]
0.8

—BE
0.6 1

——BE + PhEPi + VC
0.4 4
0.2 4

0.0 1

-0.2 1

d)

0.4

34 36 38 40 42 44 46 48 50
Potential vs. Li|Li* [V]

Fig. 1. (a) First cycle cyclic voltammograms on NMC811 for 1 M LiPFg in EC:EMC 3:7 by vol. (BE) and BE + 0.038 M PhEPi (BE + PhEPi) (b) Cyclic voltammograms
of consecutive cycles on NMC811 with PhEPi containing electrolyte (c) First cycle cyclic voltammograms on SiC for electrolyte formulations BE and BE + PhEPi (d)
Comparison of the first cycle cyclic voltammograms on NMC811 for BE + PhEPi and BE + PhEPi + VC.



B.A. Sadeghi et al. Journal of Power Sources 557 (2023) 232570

1804 100 - e 100
—— BE (1 M LiPF4 in EC:EMC 3:7 V/V) BE (1]’,"_';;,:5 in EC:EMC 3:7 vl7v’)
"o 160 - BE + 10% FEC 90 4 ——BE +10% FEC 190
g ——BE +8% VC —— BE+8% VC -
i 1409 \ = EET0:030M EnERl 8% VC %‘ 801 —BE+003MPhEPI+8%vC | &
£ S 5]
S 120+ € 704 2
& g =
o o S
o 100 2 601 60 &
® o €
5 80 8 2
3 350+ 50 3
&) o
g 601
= 4 40
» 404 .
T T T T T T - I T T 30 T T T T T T T T T 30
0 10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Cycle number Cycle number

Fig. 2. (a) Specific discharge capacity of NMC811||SiC cells with considered electrolytes (b) Coulombic efficiencies and capacity retentions of NMC811||SiC cells
with different electrolytes.

efficiency, and prolonged cycle life, while no improvement was performance of FEC/PhEPi electrolyte formulations to FEC containing
observed for the cells containing the combination of FEC and PhEPi counterparts, indicating that FEC shows poorer compatibility and an
(Fig. S2). A similar performance trend was observed by comparing the absence of synergestic effects with PhEPi. The obtained results
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Fig. 3. (a) Schematic diagram illustrating the systematic cell disassembly-reassembly strategy for investigation of the direct impact of pre-formed SEI and CEI in the
presence of functional additives on full cell performance. (b) Galvanostatic cycling performance of reassembled cells compared to regular cells using only BE. (c)
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demonstrate that a combination of PhEPi and VC at an optimum amount
isindeed able to synergistically combine the improved CR of VC with the
increased discharge capacity caused by PhEPi. The important role of
synergistic effects in such electrolyte formulations is reviewed in liter-
ature [14].

3.3. Synergistic role of additives on the interphases(s)

3.3.1. Galvanostatic characterization through cell disassemble-reassemble
strategy

To understand the impact of PhEPi with and without co-additives on
the individual electrodes during SEI and CEI formation, we applied a
systematic cell disassembly-reassembly strategy. Similar strategies have
been reported by other groups previously [41-43]. The process is
schematically represented in Fig. 3a. First, we galvanostatically cycled
cells containing either NMC811 or SiC as working electrode and Li metal
the counter electrode for three formation cycles with the considered
electrolyte formulations (BE, BE + 0.038 M PhEPi, BE + 8% VC, BE +
10% FEC, BE + 0.038 M PhEPi + 8%VC). In the next step, we dis-
assembled the cells, washed the electrodes with EMC, and reassembled
the individual pre-cycled electrodes against the counterpart pre-cycled
electrodes using the baseline electrolyte. One reason for using the
counterpart pre-cycled electrode instead of pristine electrodes in the
reassembled cell relates to different SOC of pristine and “fully dis-
charged” electrodes; even when at lower cut-off voltage, the electrodes
are not fully (de-)lithiated, which has to be taken into consideration
whenever galvanostatically pre-cycled electrodes are combined with
not-cycled ones. In order to make a reasonable comparison, both elec-
trodes must be in a similar SOC . We therefore applied a 0.835 factor to
the capacity of SiC electrodes in SiC||Li cells to account for the N/P ratio
and mimic the current density the electrode would be subjected to in a
typical NMC811||SiC cell. The results of the reassembled cells contain-
ing pre-cycled electrodes with pristine electrodes are available in the
supporting information (Fig. S3).

As a common process, the extracted electrodes were washed with
EMC or DMC to wipe out residuals of conducting salt (LiPFg) and then
dried to remove volatile organic solvents [44-47]. Due to the unknown
effect of washing steps on the electrochemical performance of the
electrodes and interphase properties [44,45,48], we considered mini-
mizing the washing time to 30 s with 1 mL of EMC for washing the
pre-cycled electrodes, instead of considerably longer washing time re-
ported previously [27-29]. To account for any performance impacts due
to the disassembly-reassembly process and make a fair comparison, we
applied it to a batch of cells with baseline electrolyte only. As can be seen
in Fig. 3b, cells that underwent the disassembly-reassembly protocol
with baseline electrolyte show a significantly increased discharge ca-
pacity compared to regular cells cycled with the baseline electrolyte, as
well as a pronounced curvature of the capacity profile. Since in the
pre-cycling, the electrodes are paired with Li metal, i. e. an unlimited
source of lithium, any losses of lithium inventory through interphase
formation can be compensated. If aforementioned electrodes are then
used for reassembly, the cells have an artificially increased lithium in-
ventory, thus resulting in an increased discharge capacity. Therefore,
these reassembled cells (NMC*gg||SiC*gg) were used as the reference for
the comparison of results.

Fig. 3c compares the specific discharge capacity profiles of cells with
SiC electrodes that were pre-cycled in considered additive-containing
electrolytes and NMC811 electrodes that were pre-cycled with the BE.
An asterisk indicates a pre-cycled electrode followed by the electrolyte
used in pre-cycling. All cells were reassembled with the BE. In these
series of cells, we considered NMC*gg| |SiC*gg as the benchmark system.
As can be seen in this graph, the use of SiC*ppgp; leads to only a slight
increase in specific discharge capacity as opposed to the regular cell,
while no improvement of capacity fading can be observed. In the case of
SiC*pgc, a similar specific discharge capacity but a lower rate of fading
was observed. The use of SiC*y¢ does not impact the specific discharge
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capacity compared to the baseline but leads to an initially lower fading
rate compared to SiC*pgc, which increases as galvanostatic cycling
progresses and eventually overtakes the fading rate with SiC*pgc. When
SiC*phepi+vc is used, just as in regular cells, a combination of the benefits
of both functional additives can be observed. These cells achieve a
higher specific discharge capacity than the cells using SiC*phgp; and
show a similar fading rate to the cells using SiC*yc. From these results, it
can be concluded that in the functional additive combination of PhEPi
and VC, the latter component has the major impact on the formed SEI,
accompanied by the positive effect originating from the presence of
PhEPi. Fig. 3d compares the specific discharge capacity profiles of cells
with NMC811 electrodes that were pre-cycled in different additive-
containing electrolytes and SiC pre-cycled in the BE. In this case, the
use of electrodes pre-cycled with an electrolyte containing any single
additive (considered in this study) leads to an increase in the initial
specific discharge capacity. As opposed to the SiC side, NMC811*ppgp;
leads to the lowest improvement. The fading is, however, very similar in
all cases and quickly leads to a similar specific discharge capacity profile
as the baseline. Interestingly, while cells using NMC811*ppgp;+ vc Show a
similar initial specific discharge capacity, the fading is much less pro-
nounced than for either NMC811*phgp; or NMC811*yc, leading to a
significantly improved overall performance. The distinct difference of
NMC811*ppgpi+vc to the other individual additives clearly shows that
both PhEPi and VC act synergistically on the positive electrode.

In summary, the employed disassembly-reassembly strategy gave
clear indications that PhEPi and VC act synergistically and impact both
the SEI and CEI with the more pronounced synergy on the positive
electrode.

3.3.2. EIS investigations

The influence of PhEPi containing electrolyte formulation on the
positive and negative electrode impedance was investigated by means of
electrochemical impedance spectroscopy (EIS). Nyquist plots for sym-
metric NMC811 and SiC cells are shown in Fig. 4a and b. It can be
observed that the addition of VC to the BE does not significantly impact
the CEI resistance, but it strongly affects the SEI resistance, which was
reported to be caused by the formation of a poly(VC) layer as a result of
VC polymerization [23,49,50]. It can be seen that the addition of PhEPi
to VC containing electrolytes affects the internal cell resistance. By
looking at the second semi-circle, which represents the impedance of CEI
[51,52], significant growth in the presence of PhEPi compared to the BE
or VC alone is observed, thus indicating PhEPi decomposition on the
cathode during the formation cycles. By comparing these two plots, we
can conclude that on the NMC811 side, PhEPi plays a dominant role, but
on the SiC side, VC contributes significantly to the resistance of the SEIL
These observations are in good agreement with previous work pointing
to the fact that phospholane additives likely decompose on the positive
electrode and are thus involved in CEI formation [10].

3.4. Post mortem spectroscopic characterization of interphases

3.4.1. Cathode electrolyte interphase characteristics on NMC811

In order to gain a better understanding of the additives’ role in the
SEI and CEI composition, post mortem Raman and XPS analysis was
performed on the NMC811 and SiC electrodes after three formation
cycles in the NMC811||SiC cell configuration. Raman band assignment
on SiC and NMC811 was performed for some of the considered elec-
trolyte formulations (BE, BE + 0.038 M PhEPi, and BE + 0.038 M PhEPi
+ 8% VC), as depicted in Fig. 5a and b. Additionally, the elemental
composition of the SEI and CEI surfaces as determined by integration of
the XPS spectra for the considered electrolytes are provided in Fig. 6. In
Raman spectra, for the NMC electrode in the presence of BE, mostly the
peaks for the NMC active materials and the graphitic materials as the
conductive phase were observed. In addition, minor bands around 1245,
1465, and 1521 cm™! were observed, which can be assigned to C-H and
C=O0 stretching vibrations of organic compounds of the CEI (e.g,
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ROCO,Li) derived from electrolyte decomposition [53-55]. Neverthe-
less, these bands have very low intensities, showing a very low amount
of these compounds on the cathode surface. For considered electrodes,
regardless of the electrolyte composition, the C 1s spectra (Fig. 7a)
comprised several distinct peaks assigned to the following bond types:
C-C/C-H (~284.0 eV), C-O (~286.0 eV), C=0/0-C-0/0=C-O
(287-289 eV) and COs3 species (~290 eV) [9,29]. In addition, C-C, C-H,
C-O, carboxyl, and carbonate groups in minor amounts could be
observed for the BE. For the NMC811 electrodes (Fig. 5a), major dif-
ferences in the spectra were also observed after adding PhEPi and VC to
the BE. However, the observed bands differ severely from the features
observed for the SiC electrode.

For the electrode from the cell cycled with BE + PhEPi compared to
the cell cycled with BE, the band around 1160 cm ™! could be observed,
which can be assigned to the P—=O0 stretching vibrations, and several
additional bands were observed around 1215, 1245, and 1280 cm™ !,
which can be assigned to different semi-carbonates [23,46,48-50]. The
more pronounced presence of the P—0 bond is in line with the proposed
mechanism for phospholanes on NMC [23]. From elemental XPS anal-
ysis, no change in carbon content for CEI in presence of PhEPi was
observed compared to the BE, although an increase in the amount of
oxygen can be seen. Low concentrations (~2-4%) of fluorophosphate
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Fig. 7. XPS fitting results of the considered electrolyte formulations for (a) C 1s spectra, (b) P 2p spectra, (c) O 1s spectra, d) F 1s spectra as recorded for SiC and

NMC811 after three formation cycles.

species, P-F bond (~137.0 eV), and P-O bond(~134.0 eV) were
observed in P 2p spectra (Fig. 7b). In this figure, a significant increase in
the P-O type bond for BE + PhEPi compared to BE was observed. Ob-
tained XPS results concur with the finding of Raman analysis. O 1s re-
gion (Fig. 7c) comprised four distinct peaks assigned to the following
bond types: C-O (~534.0 eV), C-O, carbonate type bonding and P-O
species (~532-533 eV), and Li;O (529 eV). For electrodes used with
PhEPi, a higher C=0 and P-O species concentration is observed in the
formed CEIL which is in agreement with the other stated findings, while
they have a lower concentration of C-O bond and carbonate species
compared to the BE.

In Raman spectra, some changes were observed for the NMC elec-
trode after adding VC to the BE + PhEPi. It also has to be noted that the
intensity of the NMC lattice bands severely decreased compared to BE
and BE + PhEPi. Besides, these bands assigned to the NMC material,
again, bands around 1160 (P—O stretching) and 1308 cm™! were
observed [56], which can be ascribed to PhEPi. Moreover, a band
around 960 cm™! was observed, indicating the presence of LiF. This
band was only observed for the BE + PhEPi + VC sample. The F 1s
spectra for all the electrodes show peaks corresponding to LiF (~ 685
eV) and LixPF;0,/LixPFy (~ 687 eV). Fig. 7d shows that using VC in the
electrolyte formulations increases the amount of LiF formed on the NMC
surface, which can also be seen in the highest amount for BE + PhEPi +
VC. In addition, bands around 1215, 1245, and 1280 cm ™! in the Raman
spectrum were detected, which can be assigned to the C-C and C-H
stretching vibrations of olefinic Li-alkyl carboxylates [53].

Additionally, bands around 1400, 1465, and 1522 cm™! were

ob:

served,

indicating the increased presence of semi-carbonates

[54,57,58]. The performed investigation also confirmed the presence
of VC on the sample. Bands around 1572 and 1672 cm ™! were assigned
to the CO5 and C—C vibrations of pure VC [59]. However, Raman results
show that amount of semi-carbonate species is increasing in the presence
of VC. The elemental composition graph of the CEI formed in VC con-
taining electrolytes shows a significant decrease in carbon content from
51% to 37% compared to the BE, and an increase in Li, F, and P con-
centration. This could indicate the decomposition of the VC molecules
instead of polymerization on the surface of the electrode. We can
correlate this observation to the decomposition peak in the cyclic vol-
tammogram of BE + VC on NMC811 in Fig. 1d. This can also be an
indication of pronounced decomposition and contribution of LiPFg to
the CEI structure that can explain the observed lower initial discharge
capacity for VC containing electrolyte in Fig. 2a. A combination of
PhEPi + VC also showed a decrease in carbon content and an increase in
the amount of Li, similar to VC alone. Furthermore, semi-carbonates in
increased amounts were observed on the NMC electrode in the presence

of

VC containing electrolyte.

3.4.2. Anode electrolyte interphase characteristics on SiC

In Raman spectra, in addition to the vibration modes of the electrode
bulk, many additional bands related to SEI were observed for the SiC
electrode in BE (Fig. 5b). The bands around 888 and 1461 cm~! corre-
spond to the C=0 and C-H stretching vibrations of the carbonate and
the alkylic groups of different semi-carbonates (e.g., DEDOHC, LEC,
LMC), present as components of the SEI [54,55] while the band around
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750 cm™! can be allocated to Li»COg species. The bands around 1215,
1240, and 1287 cm ™! can be either assigned to C-C or C-H stretching
vibrations of olefinic Li-alkyl carboxylates [53].

An additional band related to the SEI band, as a small shoulder next
to the silicon band around 497 cm_l, is assigned to LiyO [2]. In general,
it can be stated that presence of BE in the cell during galvanostatic
cycling results in the formation of an SEI composed of known compo-
nents (Li»COs, LizO, and semi-carbonates) on the SiC electrode. The
significant amount of C-C species and carbonyl group present in the C 1s
region for BE (Fig. 7a) indicates that organic carbonate solvents
decompose during galvanostatic cycling [60,61], as consistent with
Raman results. Furthermore, O 1s spectra confirmed the presence of
species like LioCO3 and Li5O in the formed SEI in the presence of BE
(Fig. 7c). The interphase of SiC electrodes showed significant composi-
tion changes upon adding PhEPi and VC to the electrolyte formulation.
For the cell galvanostatically cycled with BE + PhEPi, the presence of
PhEPi molecules can be observed on the SiC surface by Raman spec-
troscopy. The corresponding band around 1025 cm ™! can be assigned to
the P-O-C stretching vibration of PhEPi after comparison with the
reference spectrum of the pure PhEPi (Fig. S4) [56]. This band was also
observed for the electrode galvanostatically cycled in the cell containing
BE 4 PhEPi 4 VC. However, additional bands were also observed, which
could not be assigned to the additive. The band around 750 cm ™! can be
ascribed to the formation of LipCOs. Lithium carbonate and organic
lithium carbonates are typically linear and cyclic carbonate reduction
products [61]. The bands around 885 and 1455 cm ™! can be assigned to
the C=0 and C-H stretching vibrations of the carbonate and the alkylic
groups of semi-carbonates [54,55]. Moreover, bands around 1223 and
1245 cm ™! were observed, ascribed to the G-C and C-H stretching vi-
brations of olefinic Li-alkyl carboxylates [53]. The presence of these
bands and the prominent band around 1555 cm ™! indicate the increased
presence of semi-carbonates on the surface of the electrode [56]. In
addition, the presence of LiF might be indicated by the band around 690
cm ! [62]. The SEI's elemental composition shows a significant increase
in carbon concentration for PhEPi containing electrolyte (similar to
Raman) and a slight decrease in Li and F concentration. On the SEI, for
electrodes used with PhEPi, a lower C-O species concentration and a
higher concentration of C=0 bond and carbonate species were observed
in C 1s spectra. Also, a significant increase in the P-O type bond was
observed for BE + PhEPi and BE + PhEPi + VC compared to BE + VC.
However, on SEI a significant decrease in P-O species for all the elec-
trolyte formulations can be seen compared to the BE. Additional bands,
detected on the SiC surface for the BE + PhEPi + VC around 569, 646,
1107, and 1145 cm ™7, can be assigned to the polymerized VC [59]. The
bands around 1107 and 1145 cm™! correspond to the C-O stretching
vibrations of poly(VC) [59]. VC polymerizes during galvanostatic
cycling on the surface of the SiC electrode showing a clear fingerprint
spectrum of poly(VC). Also, the absence of the band corresponding to
C—C stretching vibrations of VC is another piece of evidence proving VC
polymerization on the negative electrode, as observed in XPS elemental
analysis and C 1s spectra (concentration of C-C and C-H type bonds
increases in the presence of VC). In contrast to the SiC electrode, no
indication of poly(VC) presence was observed on the NMC electrode.
Instead, the band assigned to the C—=C vibration of VC was detected. In
contrast to VC, no bands indicating reaction or decomposition of PhEPi
on the SiC electrode were observable. All bands assigned to PhEPi,
match well with the recorded reference spectrum of the pure PhEPi. As
seen in the cyclic voltammograms of BE + PhEPi (Fig. 1c), we could not
assign any decomposition peak for PhEPi on SiC, which shows that
PhEPi is not electrochemically active on SiC. We assume that PhEPi is
strongly adsorbed on the anode surface, keeping the structure largely
intact.

It can be concluded that decomposition products of the PhEPi on
NMC811 and VC on both electrodes are found after three formation
cycles. However, significant differences are observed in their influence
on the SEI and CEI compositions.
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4. Conclusions

The novel phospholane-based additive, PhEPi, at the optimum con-
centration in 1 M LiPF6 in ECCEMC 3:7 by vol. improves the cycling
performance of NMC811||SiC cells in regard to the specific discharge
capacity while fading, however, still remains an issue. The electrolyte
formulation containing the optimum concentration of PhEPi and VC as
co-additive, on the other hand, enhances the overall performance and
prolongs the cycle life of NMC811||SiC cells in a synergistic fashion
compared to the individual additives while outperforming FEC con-
taining electrolyte. Obtained results prove that the novel electrolyte
formulation is a promising alternative option to the FEC containing
electrolytes in terms of electrochemical performance. The results of the
systematic investigation of cell disassembly-reassembly strategy show
that PhEPi plays a dominant role on the cathode and, in combination
with VG, has a synergistic effect on both SEI and CEI EIS analysis pro-
vides compelling evidence about the role of PhEPi and VC on the indi-
vidual electrodes. PhEPi affects the internal cell resistance on the
cathode, where it influences the CEI properties. Post mortem analysis
comprising spectroscopic techniques of SHINERS and XPS supports the
EIS results by observing PhEPi decomposition products on the NMC811
and the formation of an effective CEI. Furthermore, it was shown that
decomposition of the VC molecules instead of polymerization on the
NMC surface takes place in agreement with the CV measurements. In
contrast, PhEPi adsorbs strongly on the SiC surface, which is assumed to
bring a synergistic effect with VC on SiC, leading to improved overall
NMC811||SiC cell performance.
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