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Abstract: After determining the optimum composition of the butyronitrile: ethylene carbonate:
fluoroethylene carbonate (BN:EC:FEC) solvent/co-solvent/additive mixture, the resulting electrolyte
formulation (1M LiPFg in BN:EC (9:1) + 3% FEC) was evaluated in terms of ionic conductivity and
the electrochemical stability window, as well as galvanostatic cycling performance in NMC/graphite
cells. This cell chemistry results in remarkable fast charging, required, for instance, for automotive
applications. In addition, a good long-term cycling behavior lasts for 1000 charge/discharge cycles
and improved ionic conductivity compared to the benchmark counterpart was achieved. XPS sputter
depth profiling analysis proved the beneficial behavior of the tuned BN-based electrolyte on the
graphite surface, by confirming the formation of an effective solid electrolyte interphase (SEI).

Keywords: lithium-ion batteries; non-aqueous electrolyte; nitrile-based solvents; butyronitrile; SEI
forming additives; fast charging

1. Introduction

Thanks to their excellent performance characteristics, lithium ion battery (LIB) cells find application
in a broad spectrum of different fields, comprising the consumer and automotive industries as well as
application in small portable devices, like mobile phones or laptops [1-4]. The main reason behind the
broad field of application relates, among other reasons, to the high specific energy and energy density
of LIBs [5-7] and the numerous cell materials, that can be employed [8].

In standard LIBs, organic carbonate-based non aqueous aprotic electrolytes are employed.
Although given as state of the art electrolytes, they display several disadvantages (e.g., moderate ionic
conductivity and low flash points) [9-12]. To further advance state of the art battery electrolytes, many
solvent classes were comprehensively investigated to replace organic carbonates [9,13-24]. Nitriles
and other cyano-compounds display high ionic conductivity as well as low temperature cycling
performance [25-34]. Nevertheless, many examples of this class of compounds are known for being
incompatible with metallic lithium and not able to form an effective solid electrolyte interphase (SEI)
on graphite [35—40]. For this reason, the presence of SEI forming electrolyte additive(s) is inevitably
required to enable their application in graphite based LIBs [41].

In the case of organic carbonate-based electrolytes, ethylene carbonate (EC) is typically involved in
the formation of the SEI on graphite in the first charge/discharge cycles [42]. In addition to EC [43,44],
other SEI forming agents on graphite were reported in the literature, e.g., lithium difluoro-(oxalate)borate
(LiDFOB), vinylene carbonate (VC) or fluoroethylene carbonate (FEC) [45-53] and many more. Among
them, VC and FEC are preferred as SEI additives on graphite anodes for organic carbonate-based
electrolytes [9,13].
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In this contribution, butyronitrile (BN)-based electrolytes containing EC, FEC or both as
co-solvents/functional additives are considered for fast charging application in lithium-nickel-
manganese-cobalt-oxide (NMC)/graphite cells. The investigations were mainly performed in full cell
setup. The optimum BN:EC:FEC solvent/co-solvent-functional additive ratio was investigated in terms
of long-term cycling and C-rate performance in NMC/graphite cells. The obtained electrochemical
results were correlated to the surface analysis of the graphite electrodes via XPS measurements.

2. Experimental Section

2.1. Electrolyte Formulation

All considered electrolytes were formulated using volume percent (vol.%) in an argon-filled
glovebox (MBRAUN, Garching, Germany) with a water and oxygen content below 0.1 ppm.
BN 99% (MERCK, Darmstadt, Germany), lithium hexafluorophosphate (LiPFs, BASF, battery grade,
Ludwigshafen, Germany), FEC (BASF, battery grade, Ludwigshafen, Germany) and EC 99.8%
anhydrous (MERCK, Darmstadt, Germany) were used as received. As reference electrolyte, 1M
LiPF¢ in EC:DMC (1:1 wt.%) (LP30, BASEF, battery grade, Ludwigshafen, Germany) was used.

2.2. Preparation of T44 Graphite and Lithium Manganese Oxide Electrodes

The composition of graphite electrodes was as follows: 87 wt.% T44 graphite (Imerys, Paris,
France) 8 wt.% polyvinylidene difluoride (PVdF, Arkema, Colombes, France) and 5 wt.% conductive
additive Super C65 (Imerys, Paris, France). T44 graphite was used as the active material due to its
high BET surface area, leading to a pronounced reduction of the electrolyte [54] The LiMn,O4 (LMO)
electrodes were composed of 80 wt.% LMO (Toda, Hiroshima, Japan), 10 wt.% PVdF and 10 wt.% Super
C65. In the fabrication process of the electrodes, PVdF was dissolved in N, N-dimethylformamide 99.8%
anhydrous (DMF, Alfa Aesar, Haverhill, MA, USA). Subsequently, conductive additive (Super C65) and
active material (T44 or LMO) were added to the solution and mixed with a dissolver. The suspension
was thereafter coated with a special film applicator, on a copper foil (negative electrodes; T44; 120 pm
wet thickness) and on aluminum foil (positive electrodes; LMO; 100 um wet thickness). The coated
foils were dried in an oven (Binder, Tuttlingen, Germany) at 80 °C overnight. The obtained electrodes
were cut with a punching tool (Hohsen Corp. Osaka, Japan) into a diameter of 12 mm and thereafter
dried at 120 °C in vacuum for 24 h in a Buchi Glass Oven 585 with a rotary vane pump vacuum
(Btichi, Flawil, Switzerland). After weighting (Sartorius laboratory balance; Sartorius, Goéttingen,
Germany), the resulting electrodes had an active mass loading between 2.5 and 3 mg cm~2 [53]. For the
investigations in the full-cell setup, balanced NMC111 (Litarion, Kamenz, Germany) and graphite
electrodes (Litarion, Kamenz, Germany) both 12 mm diameter, were used.

2.3. Electrochemical Measurements

2.3.1. Cell Set-Up

The electrochemical measurements were performed in a two electrode, coin cell (2032) (Hohsen
Corp. Osaka, Japan), setup as well as in three-electrode T-cell setup (Swagelok® Solon, OH, USA).
The NMC was used as the working electrode (WE), graphite as the counter electrode (CE), whereas
lithium foil (Albemarle, Charlotte, NC, USA) was taken as the reference electrode (RE).

2.3.2. Linear Sweep Voltammetry Measurements

The electrochemical stability window of the considered BN-based electrolytes was determined by
means of linear sweep voltammetry (LSV) using a VMP3 potentiostat (Bio-Logic, Seyssinet-Pariset,
France). A lithium manganese oxide (LMO) based electrode was used as WE, whereas lithium foil
was used as the CE and RE. The measurements were performed in the potential range between the
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open circuit potential (OCP) and 5.0 V vs. Li/Li ¥, using a scan rate of 100 uV s™! at room temperature
(20°Q).

2.3.3. Cyclic Voltammetry Measurements

Cyclic voltammetry (CV) measurements were carried out at room temperature, using a Bio-Logic
VMP3 potentiostat, in the potential range from 0.02-2.00 V vs. Li/Li*. The cells were cycled with a scan
rate of 20 uV s~!. T44 graphite was used as WE. Lithium foil was used as the CE and RE.

2.3.4. Galvanostatic Measurements

Measurements were carried out at 20 °C by means of battery cycler (MACCOR Series 4000, Tulsa,
OK, USA). The cathode limited NMC/graphite cells (20% capacity-oversized anode) were cycled for
five formation cycles at 0.1C in a voltage range between 3.00—4.30 V. After the formation sequence, cells
were cycled with a charge and discharge rate of 372 mA g~! (1C). For the C-rate evaluation, C-rate of the
charge step, the discharge step and of both the charge and the discharge steps was always altered after
five cycles in the following manner: five cycles with a C-rate of 1C followed by a C-rate of 0.2C, 1C, 2C,
5C, 10C, 15C, 20C followed by 30 cycles with a C-rate of 1C. During the performance assessment of the
charge behavior, the C-rate of the charge step was altered, and the C-rate of the discharge step was set
to 1C. The performance assessment was based on the discharge capacity. In the discharge performance
evaluation, the C-rate of the discharge step was altered, and the C-rate of the charge step was set to 1C.
In the charge/discharge performance rating, the C-rate of the charge step as well as the C-rate of the
discharge step were altered in afore mentioned way. During the 5C performance evaluation, the C-rate
was set to 1C after the formation sequence for 10 cycles followed by 95 charge/discharge cycles with 5C
for each charge and discharge step. During the long-time cycling evaluation, the C-rate of the charge
and discharge step was set to 1C after the formation procedure. Furthermore, a current-limited CV
step of 0.05C was introduced to the galvanostatic cycling procedure, for the 1000 cycle measurement.

2.4. Conductivity Measurements

AC impedance measurements were used to determine the conductivity of the considered BN-based
electrolyte formulations. All measurements were carried out on a Solartron 1260A (AMETEK, Berwyn,
PA, USA) impedance gain phase analyzer, connected to a Solartron 1287A (AMETEK, Berwyn, PA,
USA) potentiostat using a customized cell having two stainless steel disk-electrodes. A frequency range
from 1 kHz to 1 MHz using an AC amplitude of 20 mV was applied to the cell for each temperature
(—40 to 60 °C), which was regulated via a climate chamber.

2.5. X-ray Photoelectron Spectroscopy (XPS) Analysis

For the XPS measurements, an AXIS Ultra DLD (Kratos, Shimadzu Corporation, Kyoto, Japan) was
used. An area of 300 pm x 700 um was irradiated using a filament voltage of 12 kV, an emission current
of 10 mA and a pass energy of 20 eV. The obtained spectra were calibrated against the adventitious
carbon signal at 284.5 eV. For the XPS sputter depth profiling measurements a sputter crater diameter
of 1.1 mm, an emission current of 8 mA, and a filament voltage of 0.5 kV as well as a pass energy of
40 eV and a 110 um aperture were applied. The fitting of the resulted spectra was performed with the
help of CasaXPS.

3. Results and Discussion

Nitrile-based electrolytes are known to deliver higher ionic conductivity values compared to the
state of the art organic carbonate-based counterparts (Figure 1) [55]. This solvent class is particularly
interesting when it comes to fast charging behavior of LIBs. Having in mind that BN is not stable
against metallic lithium or graphite, a SEI-forming co-solvent was added to the BN-based electrolyte.
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With this in line, 1M LiPFg in BN:EC (1:1) as well as 1M LiPFg in BN:FEC (1:1) electrolyte formulations
were compared with the 1M LiPFg in EC:DMC (1:1) electrolyte, taken as reference.
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Figure 1. Temperature dependent conductivity measurements of 1M LiPFg in EC:DMC (1:1), IM LiPFq
in BN:FEC (1:1) and 1M LiPFg in BN:EC (1:1), in the temperature range from —40 to 60 °C.

When using EC as co-solvent, the BN-based electrolyte delivers higher conductivity values
compared to the 1M LiPFg in EC:DMC (1:1) electrolyte (Figure 1). Especially at low temperature
(0 °C), the conductivity of the considered BN:EC-based electrolyte is at least 32% higher (7.69 mS/cm)
compared to the organic carbonate-based counterpart (5.83 mS/cm). Substitution of EC with FEC leads
to a decreased conductivity (from 11.80 mS/cm to 9.16 mS/cm) at 20 °C. In the temperature range of
20 °C to 60 °C, the conductivity of 1M LiPF in EC:DMC (1:1) is equal to the conductivity values of the
1M LiPFg in BN:FEC (1:1) electrolyte. In contrast to the high conductivity of the BN:EC mixture, the
conductivity of the BN:FEC mixture was shown to be quite poor. The high conductivity of the BN:EC
mixture-based electrolytes makes them suitable for fast charging (>1C).

The conductivity values of the investigated electrolytes can be explained by means of relevant
physicochemical properties of the used solvents. The conductivity is related to the viscosity and to the
relative permittivity of the electrolyte formulation. The ion mobility is linked to the viscosity whereas
the salt dissociation capability is related to the relative permittivity. To obtain a high conductivity,
the viscosity of the electrolyte formulation should be low, and the relative permittivity must be high
enough to ensure a sufficient dissolution of the conducting salt.

To determine the oxidative stability of the BN-based electrolytes, compared to the reference
electrolyte, corresponding voltammograms were recorded using LMO as WE (Figure 2). A content of
50% of FEC was chosen to overcome the instability of nitriles towards metallic lithium and to ensure
the passivation of the metallic lithium [13,61]. Whereas with organic carbonate-based electrolyte Li
metal is stable, [62] with an EC content of only 50%, in the mixture the degradation of the electrolyte
could not be inhibited. Therefore, EC:BN mixtures could not be investigated in combination with
lithium metal. Nevertheless, this mixture should display the same oxidative stability (as confirmed by
later full cell experiments). With 1M LiPFg in EC:DMC (1:1) as reference electrolyte, the maxima of the
de-insertion peaks of LMO are positioned at. 4.05 V vs. Li/Li* and 4.16 V vs. Li/Li* [63]. In this setup,
the reference electrolyte was found to be electrochemically stable up to 4.90 V vs. Li/Li* [64].

Compared to the reference electrolyte, the voltammogram of the cell containing 1M LiPFg in
BN:FEC (1:1) displays de-insertion peak maxima of LMO at 4.05 V vs. Li/Li* and 4.19 V vs. Li/Li*.
This electrolyte formulation shows electrochemical stability up to 4.50 V vs. Li/Li*, which is much
higher compared to other literature known nitriles [65]. Furthermore, this result fits well with literature
showing known density functional theory (DFT) calculations [55]. This behavior makes the combination
of BN-based electrolytes with cathode materials, such as lithium nickel cobalt aluminum oxide (NCA)
and NMC possible.
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Figure 2. Linear sweep voltammograms of cells containing 1M LiPFg in BN:FEC (1:1) and 1M LiPF¢ in
EC:DMC (1:1) (wt.%), LMO as WE, and Li as CE and RE, at scan rate of 100 uV s~! at room temperature.

Cyclic voltammetry measurements in T44 graphite/lithium cells containing 1M LiPF¢ in various
BN:FEC solvent/co-solvent ratios were performed to determine the reductive stability of the considered
electrolyte formulations vs. the anode (Figure 3).

The decomposition of FEC starts at a potential of 1.60 V vs. Li/Li*, reaching the peak maximum
at a potential value of 1.50 V vs. Li/Lit (Figure 3a—d). Due to the SEI formation in presence of FEC,
the decomposition of the 1M LiPF¢ in BN:FEC (1:1) (Figure 3a), 1M LiPF¢ in BN:FEC (6:4) (Figure 3b),
1M LiPF¢ in BN:FEC (7:3) (Figure 3c), 1M LiPF4 in BN:FEC (8:2) (Figure 3d) electrolyte formulations
are inhibited, thus leading to the reversible intercalation and deintercalation of lithium ions into the
graphite host structure, as indicated by the presence of the corresponding peaks (starting at a potential
of 0.30 V vs. Li/Li*). Compared to the aforementioned electrolyte formulations, 1M LiPF¢ in BN:FEC
(9:1) electrolyte (Figure 3e) is not able to form an effective SEI on graphite and results in a severe
decomposition. As a consequence, no intercalation/deintercalation steps take place. The amount of
FEC seems not to be enough to protect the BN against decomposition on both T44 graphite and lithium
electrode. Compared to FEC, the decomposition of in the 1M LiPF4 in EC:DMC (1:1) (Figure 3f) mixture
starts at 0.9 V vs. Li/Li* and the peak maximum is reached at 0.80 V vs. Li/Li*.

To prove the fast charging ability of the NMC/graphite cells containing afore mentioned BN-based
electrolyte formulations, a C-rate evaluation up to 5C was performed, starting with five formation
cycles at 0.1C. After the formation, 10 cycles at 1.0C were conducted, followed by 95 charge/discharge
cycles with a C-rate of 5C. The obtained results are shown in Figure 4. As depicted in Figure 4a, the
NMC/graphite cell containing 1M LiPFs in BN:EC (1:1) electrolyte, reaches a Coulombic efficiency of
87% in the first cycle (see Meister et al. for the meanings of efficiencies) [66]. The specific discharge
capacity amounts to 176 mAh/g with a C-rate of 0.1 C in the first five cycles, whereas in the consecutive
10 charge/discharge cycles, a specific discharge capacity of 153 mAh/g with a Coulombic efficiency
of 99% is achieved. After 15 cycles, the C-rate evaluation was started with a C-rate of 5C for each
charge and discharge step for the consecutive 95 charge/discharge cycles. The specific discharge
capacity displays a negligible fading and drops from 76 mAh/g in the 30th cycle to 68 mAh/g in
the 110th cycle. The Coulombic efficiency drop in the 6th and 16th cycle is related to the change
of the C-rate and observed in each chart in Figure 4. The cell containing 1M LiPFg in BN:EC (7:3)
+ 1% FEC electrolyte formulation displays a first cycle Coulombic efficiency of 87%, as illustrated
in Figure 4b. The specific discharge capacity amounts to 177 mAh/g for each cycle with a C-rate of
0.1C. A specific discharge capacity of 155 mAh/g with a Coulombic efficiency of 99% is reached in the
following 10 charge/discharge cycles. In the C-rate evaluation, the specific discharge capacity shows
a notable fading and drops from 93 mAh/g in cycle 30 to 68 mAh/g in cycle 110. The cell chemistry
outlined in Figure 4c comprises of 1M LiPFg in BN:EC (9:1) + 3% FEC electrolyte. The specific discharge
capacity amounts to 176 mAh/g in the first five cycles using a C-rate of 0.1C, whereas the first cycle
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Coulombic efficiency amounts to 86%. Unlike other considered electrolyte formulations displayed in
Figure 4, 99% Coulombic efficiency is not reached in the second but in the third cycle. The specific
discharge capacity in the consecutive 10 charge/discharge cycles amounts to 155 mAh/g. During the
5C sequence, the capacity drops down to 105 mAh/g in the 30th cycle and decreases to 100 mAh/g in
the 110th cycle, without a substantial fading. The cell containing 1M LiPFg in EC:DMC (1:1) electrolyte
formulation, (Figure 4d) displays a first Coulombic efficiency of 87%. The specific discharge capacity
amounts to 176 mAh/g for each cycle with a C-rate of 0.1 C. The following 10 charge/discharge cycles
display a specific discharge capacity of 155 mAh/g with a Coulombic efficiency of 99%. In the C-rate
evaluation the specific discharge capacity drops from 67 mAh/g in the 30th cycle to 64 mAh/g in the
110th cycle. A comparison between the 1M LiPFg in BN:EC (9:1) + 3% FEC and the reference electrolyte
indicates a similar cycling performance at C-rates up to 1C and a superior higher performance of
BN-based electrolyte at 5C. During cycling at 5C, the specific discharge capacity is decreased by 5%
from 105 mAh/g to 100 mAh/g comparable to 4% with the reference electrolyte. In addition, the average
specific discharge capacity at 5C is = 103 mAh/g compared to ~ 66 mAh/g for the reference electrolyte.
The deviation amounts to 37 mAh/g (56%).
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Figure 3. Cyclic voltammograms of T44 graphite/lithium cells containing 1M LiPFg in (a) BN:FEC
(1:1), (b) BN:FEC (6:4), (c) BN:FEC (7:3), (d) BN:FEC (8:2), (e) BN:FEC (9:1) and (f) EC:DMC (1:1) as
electrolyte formulation, in the potential range between 0.02-2.00 V vs. Li/Li*, at scan rate of 20 pV sl
insert shows the magnification of the reductive decomposition peak of fluoroethylene carbonate (FEC)
at 1.5V vs. Li/Li*.
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Figure 4. C-rate evaluation of the NMC/graphite cells containing (a) 1M LiPF4 in BN:EC (1:1), (b) 1M
LiPFg in BN:EC (7:3) + 1% FEC, (¢) 1M LiPF4 in BN:EC (9:1) + 3% FEC and (d) 1M LiPFg in EC:DMC
(1:1) in the voltage range of 3.00-4.30 V.

The obtained results show, that NMC/graphite cells containing 1M LiPFg in BN:EC (9:1) + 3%
FEC electrolyte display a remarkably stable cycling behavior at 5C. In addition, a C-rate evaluation,
in NMC/graphite cells, up to 20C was carried out. Figure 5 shows the C-rate evaluation of 1M LiPFg
in BN:EC (9:1) + 3% FEC compared to the reference organic carbonate-based 1M LiPF4 in EC:DMC
(1:1) electrolyte. Two types of C-rate evaluations were performed to determine whether the C-rate for
charge (Figure 5a,b) or the C-rate for discharge (Figure 5c,d) has a more pronounced impact on the
cycling stability of the NMC/graphite cells. In the first C-rate evaluation, the charge current is altered
from 0.1C to 20C, whereas the C-rate of the discharge step was kept constant. In the second C-rate
evaluation, the C-rate of the charge step remained constant while the C-rate of the discharge step was
changed. The C-rate evaluation started with five formation cycles at 0.1C followed by five cycles at 1C.

When comparing the overall performance of the considered NMC/graphite cells with 1M LiPFg in
BN:EC (9:1) + 3% FEC and the 1M LiPFg in EC:DMC (1:1) electrolytes, a better C-rate performance
is achieved for the BN-based electrolyte containing cells, as depicted in in Figure 5a. Especially at
a C-rate (charge step) of 5C and 10C, the specific discharge capacity is much higher for the BN-based
electrolyte containing cell. At low C-rates (charge step), the specific discharge capacities of both
electrolyte containing cells are quite similar. At 0.1C and 0.2C, the specific discharge capacity of the
BN-based electrolyte containing cell has a value of 174 mAh/g and 160 mAh/g, respectively. On the
other hand, the organic carbonate-based electrolyte containing cell delivers a specific discharge capacity
of 172 mAh/g at 0.1 C and 154 mAh/g at 0.2C, which is nearly similar to the cell containing 1M LiPFg4
in BN:EC (9:1) + 3% FEC. At 5C and 10C, the better electrochemical performance of the BN-based
electrolyte containing cell becomes clear, as a discharge capacity of 125 mAh/g is reached, compared
to the 82 mAh/g for the organic carbonate-based counterpart. Even though the specific discharge
capacity of the BN-based cell is not constant at 10C, the specific discharge capacity value is 62 mAh/g,
is higher compared to the 21 mAh/g obtained in the cell with the organic carbonate-based electrolyte.
At a C-rate (charge step) of 20C, the BN-based electrolyte containing cell delivers a specific capacity
of 8 mAh/g. The decrease of C-rate to 1C results in a stable cycling performance for both considered
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cell chemistries. Nevertheless, the cell containing BN-based formulation has a slightly higher specific
discharge capacity. The corresponding Coulombic efficiency values are depicted in Figure 5b.
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Figure 5. Cycling profiles and Coulombic efficiencies of the NMC/graphite cells containing 1M LiPFg
in BN:EC (9:1) + 3% FEC and 1M LiPF4 in EC:DMC (1:1) electrolyte formulations cycled in a voltage
range of 3.00-4.30 V using a C-rate procedure (a,b) the C-rate of the charge step is increasing while
the C-rate of discharge step stays constant at 1C and a C-rate procedure (c,d) where the C-rate of the
discharge step is increasing whereas the C-rate of the charge step stays constant at 1C.

For the C-rate (of the discharge step) performance, a similar behavior can be observed (Figure 5c).
At low C-rates (of the discharge step), the electrochemical performance of both cells is nearly similar,
whereas with increasing C-rate (discharge step), the cell with the BN-based electrolyte shows a much
better performance. At 5C, a specific discharge capacity of 135 mAh/g is achieved. Increasing the
discharge rate up to 10C, a value of 67 mAh/g is reached for the BN-based electrolyte containing
cell. On the other side, the specific discharge capacity is much lower (101 mAh/g and 29 mAbh/g,
respectively) for the organic carbonate-based electrolyte containing cell. The decrease of the C-rate
(discharge step) to 1C, results in stable cycling performance for both cell chemistries. Nevertheless,
the cell containing BN-based electrolyte shows a higher specific discharge capacity (155 mAh/g vs.
144 mAh/g) at a C-rate (charge and discharge step) of one 1C after the 100th cycle. The corresponding
Coulombic efficiency values are depicted in Figure 5d.

For both C-rate (both the charge and the discharge step) evaluations, it was shown that the
cells containing a BN-based electrolyte outperform the organic carbonate-based counterpart. This
is especially observed, at 5C and 10C. Even at higher C-rates (15C and 20C), a cell containing 1M
LiPFg in BN:EC (9:1) + 3% FEC electrolyte shows better electrochemical performance compared to
the reference organic carbonate-based electrolyte counterpart. The simultaneous charge/discharge
behavior of the considered BN-based cell and organic carbonate-based cell at different C-rates was
evaluated further. As depicted in Figure 6, a similar behavior in terms of specific discharge capacity can
be observed. An increase in the C-rate (of the charge and discharge step) results in higher difference
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between the specific discharge capacities of the cells containing BN-based electrolyte and the ones
with the organic carbonate-based electrolyte. The cell containing BN as solvent shows much better
cycling performance at higher C-rates (both charge and discharge), compared to the state-of-the-art
electrolyte containing counterpart. At 1C, a specific discharge capacity of 154 mAh/g and 150 mAh/g
for the cell containing organic carbonate-based electrolyte is achieved. By increasing the C-rate (both
the charge and the discharge step) to 2C, the specific discharge capacity reach values of 140 mAh/g and
129 mAh/g, respectively, whereas an increase in the C-rate (both the charge and the discharge step to
10C results in a specific capacity value of 42 mAh/g and 22 mAh/g, respectively. After increasing the
C-rate (both the charge and the discharge step) to 20C, the BN-based electrolyte containing cell reaches
a specific capacity of 9 mAh/g in contrast to 1 mAh/g for the state-of-the-art electrolyte containing
counterpart. After the C-rate (both the charge and the discharge step) is decreased to 1C again, both
electrolyte containing cells exhibit a stable cycling behavior (for both Coulombic efficiency as well as
specific discharge capacity). During cycling with a C-rate (both the charge and the discharge step)
of 1C, the cells deliver specific discharge capacity of 151 mAh/g in case of the BN-based electrolyte
and 148 mAh/g for the organic carbonate-based electrolyte. The corresponding Coulombic efficiency
values are depicted in Figure 6b. Table 1 summarizes the results obtained from graphs presented in
Figures 5 and 6 for the NMC/graphite cells cycled with 1M LiPFg in BN:EC (9:1) + 3% FEC and 1M
LiPFg in EC:DMC (1:1) electrolytes, respectively.

T T T T T T T T T T T T T T
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Figure 6. Cycling profiles (a) and Coulombic efficiencies (b) of NMC/graphite cells containing 1M
LiPFg in BN:EC (9:1) + 3% FEC as well as IM LiPFg in EC:DMC (1:1), respectively as electrolyte, cycled
in the voltage range of 3.00—-4.30 V.

Table 1. Summary of solvents used in this work. Physical properties are reported at 25 °C if not stated
otherwise [55].

Structure Compound Abbreviation 1n(cP) £
@)
[ >=O Ethylene carbonate EC 1.92[13] 89.82 [9]
@)
0]
~ )l\ _ Dimethyl carbonate DMC 0.59 [56] 3.12 [57]
o O
FN-0
\[ >=O Fluoroethylene carbonate FEC 4.1[58] 107 [58]
0]

N—_/_ Butyronitrile BN 0.553 [59] 20.7 [60]

2 Viscosity (1) and relative permittivity (e;) values for EC are determined at 40 °C.
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As data listed in Table 2 show, the cells containing BN-based electrolytes deliver higher specific
capacity values at higher C-rate compared to their state-of-the-art electrolyte counterparts. The C-rate
(discharge step) evaluation setup leads to higher specific discharge capacities compared to the other
two C-rate evaluations. This might be explained on the basis of the intercalation and deintercalation
steps on graphite: the deintercalation process for graphite is always favored therefore, higher discharge
capacities can be reached for both electrolytes [57]. Based on the obtained results, the main use for the
BN-based electrolyte formulation would be in applications with high demands to power, fast charge
ability or even both.

Table 2. Selected specific discharge capacities for the cells cycled with the BN-based electrolyte (cell a)
and 1M LiPFg in EC:DMC (1:1) (cell b), respectively.

C-Rate Performance C-Rate Performance C-Rate Performance
(Charge) Specific Capacity (Discharge) Specific Capacity =~ (Charge/Discharge) Specific

C-Rate (mAh/g) (mAh/g) Capacity (mAh/g)

Cella Cell b Cell a Cell b Cell a Cell b
0.1C 176 172 177 174 175 177
1C 152 145 154 149 154 150
2C 144 133 148 139 140 129
5C 125 84 134 99 108 63
10C 62 23 68 31 42 22

20C 9 2 18 15 9 1

As BN:EC (9:1) + 3% FEC electrolyte containing cells show remarkable C-rate performance,
long-time cycling experiments were conducted to enable deeper characterization of the electrochemical
behavior of the considered cell chemistry. In Figure 7, two different long-term cycling measurements
(1000 charge/discharge cycles) were performed for the BN-based electrolyte containing NMC/graphite
cell as well as the state-of-the-art electrolyte containing counterpart.

The afore mentioned C-rate evaluation was performed without using a constant voltage (CV)
step after the charge step. A CV step is typically used to enhance the capacity of the graphite slightly,
making sure, that the graphite is fully lithiated [67].

The long-time cycling measurements depicted in Figure 7 show that, without CV step, the long
term cycling performance of the 1M LiPF in BN:EC (9:1) + 3% FEC containing cells (Figure 7c) is
comparable to the state of the art electrolyte based on 1M LiPF4 in EC:DMC (1:1) cell counterparts, as
depicted in Figure 7a. The 1st cycle Coulombic efficiency of the cell containing 1M LiPFg in EC:DMC
(1:1) electrolyte (87%) matches the Coulombic efficiency resulting with the 1M LiPFq in BN:EC (9:1) +
3% FEC electrolyte (87% Coulombic efficiency). Ninety-nine percent Coulombic efficiency is reached
in the second cycle for the state-of-the-art electrolyte as well as for the BN-based counterpart. From
this point onwards, the Coulombic efficiency values of both cells containing considered electrolytes are
nearly similar, amounting to *99% during the long-term cycling performance. In the initial cycles,
in which SEI formation takes place, a specific discharge capacity of 177 mAh/g is reached for the cell
containing BN-based electrolyte, whereas the one with the EC:DMC-based electrolyte shows a specific
discharge capacity of 173 mAh/g. After the initial cycles (five cycles with 0.1C), the cells were cycled
with 1C until the 1000th charge/discharge cycle. For both cell chemistries, a stable long-term cycling is
observed, with an absence of strong fading in capacity. In the 10th cycle, a specific discharge capacity
of 155 mAh/g is reached and decreases slightly to 129 mAh/g in the last (1000th) cycle, for the cell with
1M LiPF¢ in BN:EC (9:1) + 3% FEC as electrolyte. For the cell containing 1M LiPF4 in EC:DMC (1:1) as
electrolyte, a specific discharge capacity of 145 mAh/g in the 10th cycle and 135 mAh/g in the 1000th
cycle is reached. Comparing the 10th cycle with the 1000th cycle, both electrolytes reach over 80% of the
initial capacity, meeting the automotive requirements (80% state of health after 1000 charge/discharge
cycles).
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Figure 7. Long-term cycling profiles of the NMC/T44graphite cells containing electrolyte formulations:
(a) IM LiPFg4 in EC:DMC (1:1) without cyclic voltammetry (CV) step (cell a), (b) 1M LiPFg in EC:DMC
(1:1) including CV step (cell b), (¢) IM LiPFg in BN:EC (9:1) + 3% FEC without CV step (cell ¢), (d) 1M
LiPF4 in BN:EC (9:1) + 3% FEC including CV step (cell d) in the voltage range of 3.00-4.30 V.

For the long-term evaluations comprising a current-limited constant voltage step the results are
different. The long-term cycling performance of the 1M LiPFg in BN:EC (9:1) + 3% FEC (Figure 7d) is
decreased compared to the state-of-the-art electrolyte-based cell depicted in Figure 7b. The 1st cycle
Coulombic efficiency of the 1M LiPFg in EC:DMC (1:1) electrolyte (87%) containing cell is similar
to the Coulombic efficiency obtained for the 1M LiPF4 in BN:EC (9:1) + 3% FEC electrolyte (86%
Coulombic efficiency) based counterpart. The Coulombic efficiency of 99% for the state-of-the-art
electrolyte containing cell is reached in the second cycle. For the BN-based electrolyte containing
cell, a Coulombic efficiency amounts to 0 99% only in the 4th cycle. From this point onwards, the
Coulombic efficiency values of both electrolyte containing cells are nearly similar, >99% prolong the
long-term cycling. During the initial cycles, a specific discharge capacity of 174 mAh/g is reached
for the BN-based electrolyte containing cell, whereas the one with the EC:DMC-based electrolytes
displays a specific discharge capacity of 175 mAh/g. After the initial cycles (five charge/discharge
cycles with 0.1C), the cells were cycled at 1C until the 1000th cycle. Both cells passed the long-term
cycling procedure, thus indicating a good cycling performance. However, a slight fading of the cell
with the BN-based electrolyte (Figure 7d) is noticeable. In the 10th cycle, a specific discharge capacity
of 161 mAh/g is reached and decreases to 100 mAh/g in the 1000th cycle, for the cell with 1M LiPF¢ in
BN:EC (9:1) + 3% FEC as electrolyte. For the cell containing 1M LiPFg in EC:DMC (1:1) as electrolyte,
a specific discharge capacity of 159 mAh/g in the 10th cycle and 139 mAh/g in the 1000th cycle is
reached. Comparing the 10th cycle with the 1000th cycle only the state of the art electrolyte has reached
over 80% of the initial capacity, meeting the automotive requirements [68]. Table 3 summarizes afore
mentioned cycling performance and comperes both cycling procedures (with and without CV step).

The capacity retention values show, that a CV step deteriorates the electrochemical performance
of the NMC/graphite cells. The same effect is observed with the reference electrolyte containing cell
however, the effect is less pronounced. This outcome is explained by the time at which the cells
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remain at the cut-off voltage. For the cells cycled with a CV step, this duration is much larger and
is leading to a pronounced degradation (shorter lifespan) of these cells. To correlate the obtained
results with the surface chemistry of electrodes containing BN-based electrolyte, XPS sputter depth
profiling of graphite electrodes was performed, to prove the stability of the electrolyte towards graphite.
The electrochemical decomposition of considered BN-based electrolyte formulations on the graphite
surface was analyzed by means of XPS (see Figure 8).

Table 3. 1st Coulombic efficiency, discharge capacity as well as capacity retention between the 10th and
1000th cycle for the reference electrolyte (cells a/b) and the nitrile-based electrolyte formulation (cells

¢/d) containing cells.

Cell a Cell b (CV) Cell c Cell d (CV)
Selected Parameters (Reference (Reference (BN-Based (BN-Based
Electrolyte) Electrolyte) Electrolyte) Electrolyte)
1st Coulombic efficiency (%) 87 87 87 86
Discharge capacity in
thel0th cycle (mAh/g) 145 159 155 161
Discharge capacity in the
1000th cycle (mAh/g) 135 139 129 100
Capacity retention (%) 93 87 83 62
F 1s F1s F 1s F 1s F 1s
c) e) g

i)
R [T [
AN /%\

)

692 690 688 686 684 682 680 692 690 688 686 684 682 680 692 690 688 686 684 682 680 692 690 688 686 684 682 680 692 688 684 680
Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy (eV)
N 1s N 1s N 1s N 1s N 1s R
b) d) f) h) i)

os
Q H}WI\WMMM oA
s
s s s
s
f E A A AT
1204
T20s 1205 Tos
1208
A
ﬁ oy vy S
co0e s00s 00 s sofs
s
f 3 Patispangf A P

408 405 402 399 396 408 405 402 399 396 408 405 402 399 396 408 405 402 399 396 408 404 400 396
Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy (eV)

Figure 8. F 1s and N 1s core spectra of graphite electrodes, after five charge/discharge cycles at 0.1C in
a NMC/graphite cells with different amounts of FEC in the electrolyte: (a,b) 1M LiPFg in BN, (¢,d) 1M
LiPFg in BN + 5% FEC, (e,f) 1M LiPFg in BN:EC (9:1) + 2% FEC, (g/h), 1M LiPF¢ in BN:EC (9:1) + 3%
FEC and (i,j) pristine electrode.

Figure 8 depicts the XPS F 1s and N 1s core spectra of graphite electrode-based cells cycled in
presence of a,b) 1M LiPFg in BN; ¢,d) 1M LiPF4 in BN with 5% FEC; e,f) 1M LiPF in BN:EC (9:1) + 2%
FEC; as well as g,h) 1M LiPF4 in BN:EC (9:1) + 3% FEC as electrolyte. As reference spectra, the XPS F
1s and N 1s core spectra of a pristine graphite electrode (Figure 8i,j) are shown. In the F 1s spectra
(Figure 8i), a signal located at 687 eV is observable, which can be attributed to the polyvinylidene
difluoride (PVdF) binder [69]. The decrease of the peak intensity during sputtering is related to
the decomposition of the binder during XPS measurement [70]. On the other hand, no nitrogen
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signal was observed on the pristine electrode surface (Figure 8j). In the F 1s spectra of the cycled
electrodes (Figure 8a,c,e,g), an additional signal attributed to lithium fluoride (LiF), formed due to the
decomposition of the conducting salt LiPFg occurs at 685 eV. As depicted in Figure 8a,c the amount
of LiF remains unaffected relatively to the intensity of the PVdF peak with increasing the sputter
time. This could be explained by a limited degradation of LiPFg in the BN-based electrolytes without
EC. Due to the severe decomposition of BN, the corresponding peaks overlap the peaks assigned to
the decomposition of LiPF¢. In addition, in the N1s core spectra of the electrodes containing pure
BN-based electrolyte (Figure 8b,d) a signal at 399 eV is observed, attributed to the decomposition of the
nitrile during cycling. In the absence of BN decomposition, the peak of LiF increases relatively to the
PVdF peak with increasing the sputter time (Figure 8e,g), as LiF is the main component of the inorganic
part of the SEI [70]. The increase of the LiF peak indicates absence of decomposition, meaning that
a SEI was formed on graphite surface. Nevertheless, the N 1s core spectra of the graphite electrode
cycled with 1M LiPF4 in BN:EC (9:1) + 2% FEC, exhibit a peak 399 eV related to BN decomposition,
thus indicating that the formed SEI does not fully prevent the decomposition of the nitrile. By adding
3% FEC to the BN:EC (9:1) electrolyte formulation, the peak in the corresponding N1s core spectrum at
399 eV disappears (Figure 8h), thus indicating an effective SEI formation, which prevents BN against
decomposition. Table 4 lists the corresponding surface concentration given in arbitrary units (a.u.).

Table 4. Surface concentration on graphite in arbitrary unit (a.u.) of the performed XPS measurements
using different BN-based electrolytes.

Pure BN-Based Electrolyte: Surface Concentration (a.u.)

Sputter time 0s 60 s 120 s 600 s
LIF 2.13 (0.25) 0.99 (0.71) 1.28 (0.05) 1.84 (0.66)
N1s 10.74 (0.98)  10.06 (1.24) 8.69 (2.07) 9.14 (0.38)
BN + 5%FEC based electrolyte: surface concentration (a.u.)
Sputter time 0s 60 s 120s 600 s
LIF 3.80 (1.02) 2.14 (2.43) 1.26 (0.45) 4.00 (0.53)
N1s 11.83(0.58)  12.26 (0.99) 9.37 (0.32) 9.78 (0.73)
BN:EC (9:1) + 2%FEC based electrolyte: surface concentration (a.u.)
Sputter time 0s 60 s 120 s 600 s
LIF 4.37 (0.79) 7.88 (0.22) 8.79 (0.28) 9.90 (0.16)
N1s 3.53 (0.35) 3.71(0.28) 3.22(0.11) 3.28(0.21)
BN:EC (9:1) + 3%FEC based electrolyte: surface concentration (a.u.)
Sputter time 0s 60 s 120 s 600 s
LIF 12.15(0.47)  16.49 (1.03)  18.40(1.16)  20.61 (0.52)
Nls 0.44 (0.11) 0.38 (0.11) 0.27 (0.30) 0.25 (0.25)
Reference electrode (pristine): surface concentration (a.u.)
Sputter time 0s 60 s 120 s 600 s
LIF 0.86 (0.84) 2.33(0.73) 1.52(1.47) 1.32(0.93)
N1s 0(0) 0(1.12) 0(0) 0(0)

For the electrodes with pure BN-based electrolyte, as well as for the electrolyte formulation
containing 5% FEC, only small amounts of LiF were detected. The origin of the spectra can be dedicated
to the decomposition of small amounts of the conducting salt LiPFs. The N 1s surface concentration
for both electrolytes indicates a severe decomposition of BN. Without formation of an effective SEI,
an ongoing decomposition of the solvent (BN) takes place. For the electrolyte formulations BN:EC (9:1)
with addition of 2% and 3% FEC respectively, the amount of LiF increases during sputtering [70,71].
The intensity of the N 1s signal decreases for both electrolytes corresponding to a less pronounced



Energies 2019, 12, 2869 14 of 18

decomposition of the BN-solvent. However, regarding the N 1s surface concentration, the addition of
2% FEC is not enough for the formation of an effective SEI on graphite. The N 1s surface concentration
of the formulation containing 3% FEC is comparable to the N 1s surface concentration of the reference
electrode, however, both do not show a significant signal.

4. Conclusions

With two successfully tuned BN-based electrolyte formulations (one used in half-cell and the
other in full-cell configuration), the decomposition on both lithium metal and graphite, could be
prevented. Both electrolytes were comparable or even better compared to the state-of-the-art organic
carbonate-based electrolyte. In half cell experiments, 1M LiPF¢ in BN:FEC (1:1) containing cell showed
the most promising results. EC was compared to FEC, due to its lower passivation capability towards
metallic lithium, not suitable to protect BN against decomposition. Nevertheless, 1M LiPFg in BN:FEC
formulation showed lower ion conductivity values compared to BN:EC counterparts. Especially at
low temperatures around 0 °C, the conductivity of the BN:EC-based electrolytes was at least 32%
higher (7.69 mS/cm) compared to the BN:FEC-based and the organic carbonate-based electrolyte
(5.83 mS/cm). Since the main focus of this paper is related to the possible the automotive applicability
of BN, investigations in NMC/graphite cells containing BN:EC-based electrolytes were studied in detail.
In each investigation, the cell containing 1M LiPF4 in BN:EC (9:1) + 3% FEC showed a superior high
performance compared to the organic-carbonate-based counterpart. To match automotive requirements,
a C-rate evaluation of 5C was performed. It was shown, that the average specific discharge capacity at
5C amounted to ~103 mAh/g for the investigated BN-based electrolyte containing cell, which was nearly
twice the capacity of the cell with the reference electrolyte (66 mAh/g). Further, a C-rate evaluation
up to 20C was performed. The cells containing investigated BN-based electrolyte formulation showed
a superior C-rate performance compared to the organic state of the art counterpart. In addition, the
CV step in the CCCV measurements, typically used in case of organic carbonate-based electrolyte
containing cells, was investigated. It was found out, that a CV step increases the charge/discharge
capacity at the beginning of the cycling procedure so that more lithium ions can be intercalated
into graphite. Nevertheless, the CV step reduces the overall cycle-life of the cell as well, due to the
pronounced electrolyte degradation. In the long-term cycling experiment (Figure 7c,d) the advantage
of the CV step is lost after the 150th cycle. From the 150th cycle onwards the capacity of the cell cycled
without CV step is higher compared to the cell cycled with CV step.

XPS analysis of the NMC electrodes complements well to the electrochemical characterization
of the BN-based electrolytes, showing that a minimum amount of 3% FEC is needed to prevent the
BN-based electrolyte formulation of 1M LiPFg in BN:EC (9:1) from decomposition on graphite in
NMC/graphite cell setup.
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