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ABSTRACT: Cation disordered rock salt cathode materials have LiPFgin (EC:EMC) g;gzz’a”x’he Ongoing gas
gathered increased research interest over the last couple of years A\ CO/H,

due to their high specific capacity and wide array of element A

combinations. It is still unclear whether the capacity fading Li 2CO
observed for this type of material is solely due to the occurrence of L:1.25tFeé1.sNbo.2soz Growth of

. . . . . electrode itic
anionic redox reactions and consequent material degradation or Zi/ce‘;mpos’""”

also due to the side reactions between the cathode material and the
carbonate-based electrolyte. In order to address it, this study
compares the differences in electrochemical performance of a rock salt Li, ,sFe, sNbg,50, cathode and cathode electrolyte interphase
(CEI) formation in both lithium metal and lithium ion cells by using a conventional carbonate-based electrolyte and an ionic liquid-
based electrolyte. Thereby, the ionic liquid electrolyte promotes capacity retention, whereas the organic carbonate-based electrolyte
leads to increased capacity fading and ineffective CEI formation. Severe side reactions between the carbonate-based electrolyte and
the cathode material are characterized by poor Coulombic efficiency and result in continuous inner resistance growth, ongoing gas
evolution, and the coverage of the cathode surface with electrolyte degradation products like LiF and Li,COj. This study shows the
mismatch of carbonate-based electrolytes with the Li, ,sFe, sNbg,50, cathode and offers a strategy that can be also applied for the
improvement of performance of other disordered rock salt cathode materials.

KEYWORDS: disordered rock salt cathode, electrolyte decomposition, ionic liquid electrolyte, cathode electrolyte interface (CEL),
anionic redox, lithium ion batteries

1. INTRODUCTION and are less limited with regard to the active redox element.'*~"
Contrary to previous assumptions, these materials display
reasonable lithium transportation properties, despite the lack
of an ordered layered structure.”” The Li-ion transport through
DRX materials is facilitated by a percolating network of 0-TM
transport channels present in these materials above a specific
lithium threshold.'*"® This discovery led to the study of a vast
amount of possible synergies between different TMs, which then
inspired the development of new chemistries for cathode
application.'®™"® In recent years, the combination of a redox
active TM with Nb as an inactive d° stabilizer has been discussed
and evaluated.'”” Different TM choices thereby result in
distinct and complex charge compensation mechanisms
involving either sole cationic redox reactions or the combination
of them and various degrees of anionic contribution to the
material capacity. Research focus so far has been on the
understanding of these intricate redox processes and the factors

The demand for rechargeable batteries charged by renewable
energy sources is steadily rising with the target of reducing
carbon emission in cities, particularly during the operation of
vehicles. Lithium ion batteries (LIBs) are still the most suitable
technology for this task because of their overall better
performance than other battery technologies." Among all the
components, cathode materials, because of their relatively low
specific capacities (vs anode materials), represent the bottleneck
for higher energy densities in LIBs.” Therefore, the development
of cathode materials is the key strategy for further enhancement
of energy density of LIBs.” State-of-the-art cathode materials for
electric vehicles are mainly layered lithium transition metal
(TM) oxides.” In order to achieve sufficient lithium transport
properties, a stable layered structure has to be ensured during
charge and discharge, which for the most part restricts the choice
of the active TMs to combinations of Ni, Co, and/or Mn.> Other
elements can be added to improve the overall material
performance, but only in small quantities (commonly in the
range of 1—5% by weight).”” The limited element choice could
ramp up the cost of the cathode material and eventually lead to
shortages, especially for the less abundant Ni and Co in the near
future.®” A new class of cation disordered rock salt (DRX)
cathodes have attracted research interest over the past few years
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influencing them.”' Little attention has been paid to the

interactions between DRX materials and other components of a
battery cell, for example, the electrolyte, the anode, and so on. It
is still unclear if the relatively high potentials of the anionic redox
displayed by these materials and the consequent high cut-off
potentials during cell cycling are compatible with commercially
used carbonate-based electrolytes and graphite anodes, or if
unfavorable interactions among them exist and thus lead to the
poor performance of some DRX materials.”” In this study, a
DRX material with a stoichiometry of Li, ,sFe; sNby ,s0,, which
was previously reported to suffer from strong capacity fading and
involve substantial amounts of anionic redox activity,”" was used
to investigate the compatibility of the DRX material with a
conventional organic carbonate-based electrolyte. For compar-
ison, this material was also studied in an ionic liquid (IL)-based
electrolyte, which was used because of its presumed superior
stability against oxidation and high potentials.”*~>° The surface
of the cycled electrodes in these two electrolytes was thoroughly
characterized, and thus, information re§arding the mechanism of
cathode electrolyte interphase (CEI)*° formation and electrode
degradation in conventional carbonate-based electrolytes is
obtained. In addition, this study shows for the first time, to the
best of our knowledge, the long-term performance of an LIB full
cell configuration combining a DRX cathode with a graphite
anode.

2. EXPERIMENTAL SECTION

2.1. Electrochemical Characterization. The Li, ,;Nb,,:Fe, O,
active material was synthesized under the procedure that has been
reported previously.”' The electrode paste was prepared by mixing
active material, carbon black (C-nergy Super C6S, Imerys Graphite &
Carbon), and polyvinylidene difluoride binder, (PVdF, Solef 5130,
Solvay) in the weight ratio of 80:10:10 in N-methylpyrrolidone (NMP,
anhydrous, 99.5%, Sigma-Aldrich) as solvent. In detail, the active
material and the carbon black were pre-mixed in a swing mill (MM 400,
Retsch) for 15 min at 15 Hz, then 30 min at 20 Hz, and 1 h at 30 Hz after
adding PVAF and NMP. The obtained electrode paste was coated onto
Al foil (20 um, Evonik Industries) with a doctor blade in a wet thickness
of 100 pm. After drying, the electrode sheet was punched into discs
(@ 12 mm) and pressed for 15 s at a pressure of S t. The mass loading of
active material on each electrode is ~2.3 mg/cm? For the preparation
of graphite anodes, an electrode paste, which consists of graphite
(SMGA4, Hitachi Chemical) Na-CMC (Walocel CRT 2000, Dow
Wolff Cellulosics) and conductive carbon (C-nergy Super C6S, Imerys
Graphite & Carbon) in the weight ratio of 90:5:5 with distilled water as
solvent, was coated onto copper foil (20 pm, Schlenck) with a wet
thickness of 50 ym. The mass loading of active material on each
electrode is ~1.9 mg/cmz.

The Li, ,5Nby,sFe; O, electrodes were built into Swagelock-type
three-electrode®” cells in a dry room (dew point <—60 °C) with Li
metal disks (500 ym thick, battery grade, Albemarle Corporation) as
negative (@ 12 mm) and reference electrodes (@ 8 mm) or CR2032-
type two-electrode’” coin cells (Tob New Energy) with graphite
(9 12 mm) as the negative electrode. One layer of Whatman GF/D was
used as separator in the Swagelock cells, whereas one layer of
Freudenberg 2226 was used in coin cells. The conventional carbonate
electrolyte used in this work is 1 M LiPFq in ethylene carbonate (EC):
ethyl methyl carbonate (EMC) (3:7 wt %, battery grade, BASF SE), and
the ionic liquid electrolyte is 0.5 M LiTFSI in N-propyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr, ;TFSI).
A total of 150 pL of the electrolyte was used for the Whatman GF/D
separator and S0 L for the Freudenberg separator. For in situ cell
volume measurement and post-mortem investigation with scanning
electron microscopy (SEM) and electrochemical impedance spectros-
copy (EIS), pouch cells with a graphite (3 cm X 3 cm) negative
electrode, Li;,sNbg,FeqsO, (3 cm X 3 cm) positive electrode,
Freudenberg 2226 (3.3 cm X 3.3 cm) separator, and 300 uL electrolyte

were built. During cycling, the cells were fixed between two stainless
steel plates.

2.2. X-Ray Powder Diffraction. X-ray powder diffraction (XRD)
was conducted with a Bruker D8 Advanced (Ni-filtered Cu Ka
radiation, 4 = 0.154 nm) between 10° and 90° 20 with a step size of
0.03° and a step time of 3 s.

2.3. X-Ray Photoelectron Spectroscopy. For the post-mortem
X-ray photoelectron spectroscopy (XPS) measurements on the
electrodes at different charge states, the cycled Swagelok cells were
disassembled in a glovebox filled with argon (<1 ppm H,O and O,).
The obtained electrodes were transferred into the XPS device, while
avoiding any air contact using an argon filled antechamber and then left
in the XPS chamber under turbomolecular vacuum for 12 h. The XPS
characterization was conducted at a 0° angle of emission to the surface
normal with a pass energy of 20 eV using a monochromatic Al Ka
source (hv = 1486.6 eV) at a 10 mA emission current and a 12 kV
acceleration voltage (Axis Ultra DLD, Kratos). Additionally, a charge
neutralizer was used for compensating the charging of the samples. To
ensure the reproducibility, two or three spots were measured on each
sample. Sputter depth profiling (SDP) was conducted via a
monoatomic argon ion gun with argon gas as the ion source to probe
deeper into the CEI bulk. The filament voltage was 0.5 kV with a sputter
crater diameter of 1.1 mm, whereas the angle between the surface and
the ion gun beam was 45°. The sputtering was conducted for 60, 180,
and 780 s before XPS measurements, which were done with a 110 ym
aperture and pass energy of 40 eV. The obtained spectra were analyzed
with CasaXPS software. Electrodes that were in contact with the ionic
liquid were washed 3 times with 200 L of dimethyl carbonate (DMC)
before the measurement.

2.4. Electrochemical Impedance Spectroscopy. EIS was
performed using a BioLogic VMP III potentiostat in the frequency
range of 0.1 MHz and 0.1 Hz and an amplitude of 10 mV. The
measurement was first conducted at open circuit voltage before cycling
and then repeated after every one of the 25 cycles. A 5 min rest was
applied at the end of each charge/discharge to minimize the effect of
polarization on the measurement.

2.5. Scanning Electron Microscopy. SEM images were taken
with a Carl Zeiss Auriga Modular Crossbeam workstation, equipped
with a Schottky field emission gun and a Gemini column as the electron
source (3 kV, ~ 3 mm working distance). The electrodes that were
cycled in pouch cells containing either the carbonate-based or IL-based
electrolytes were collected after 5, 25, 50, and 100 cycles and
investigated with SEM. Electrodes that were in contact with the ionic
liquid were washed 3 times with 200 4L of DMC beforehand to remove
the nonelectron conductive liquid that would otherwise disturb the
measurement by undesirable charging.

2.6. In Situ Cell Volume Measurements. Dahn et al.** have
successfully tracked in situ gas volume change in a cell after various
cycles using the Archimedean principle. Thereby, inspired by that work,
the buoyant force of the cell suspended in water [MilliQ water, Merck
Millipore Milli-Q Advantage A10, resistivity at 25 °C = 18.2 MQ cm,
total organic carbon < § ppb] was measured with a Archimedes’ in situ
gas analyzer™ using a small-scale thin film load cell (KD45 2 N, ME-
Mef3systeme). Volume changes of the pouch cell influence the mass of
the water that is replaced and therefore also the load detected by strain
gauges in the measuring device. Through the calibration with a defined
mass, the deformation of the strain gauges can be detected as voltage
changes by a USB data acquisition module (OMB-DAQ-2408 Series,
OMEGA Engineering GmbH), thus giving an exact value of the amount
of gas that has evolved in the cell.

Gas chromatography barrier discharge ionization (GC-BID)
detector GC measurements were done using a GC-2010 Plus system.
A BID-2010 Plus (Shimadzu Deutschland was used as the detection
unit) was used. The GC system was equipped with a PLOT gas
separation column RT-Msieve SA (30 m X 0.32 mm X 30 ym, Restek).
To control the system, the LabSolutions software (version $.90,
Shimadzu) was used. The resulting chromatograms were evaluated with
the Postrun Analysis editor (version 5.90, Shimadzu). A 25 uL gastight
syringe was used to inject 5 uL into the GC system manually.”
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Figure 2. (A) Evolutions of oxidation peaks in the dQ/dV vs potential plots of Li; ,sNby,sFeg sO, with different electrolytes at different cycle numbers
at 20 °C. (B) Contributions of cationic and anionic redox processes to the capacity, normalized to the initial values, at different cycle numbers. (C)
XRD pattern of pristine Li; ,sNby,sFeq O, and electrodes at different points of charge during the first cycle with either a carbonate-based or an IL-
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different charge states during the first cycle with either a carbonate-based or an IL-based electrolyte.
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3. RESULTS AND DISCUSSION

3.1. Electrochemical Performance of Lithium Metal
Cells. As elaborated above, DRX cathodes suffer from
substantial capacity fading often ascribed to be contributed by
the surface reconstruction and/or oxygen loss from the
material.'® In addition to the inevitable reactions with the
lithium metal anode,” an additional reason may be the
occurrence of unfavorable side reactions of the cathode material
with components of the carbonate-based electrolyte. In order to
investigate this possibility, cells containing Li metal as the anode
and Li; ,5Nby,sFe; O, cathodes were charged and discharged
100 times at 20 °C (Figure 1A) and 40 °C (Figure 2B) with a
current of 0.1C (1C £ 300 mAh/g), respectively. The
electrochemical performance of the cells containing the
carbonate-based electrolyte (3:7, EC:EMC 1 M LiPF) is
compared to those with an IL-based electrolyte (Pyr, ;TFSI,
0.5 M LiTFSI). The presence of Fe in the material has a negative
influence on the material performance because of its reductive
coupling mechanism with lattice oxygen that can promote
oxygen evolution, thus amplifying the side reactions of the
material with the electrolyte.”” As expected, the discharge
capacity of the DRX material shows a rapid fading with the
carbonate-based electrolyte even at 20 °C, losing 66% (117.5
mAh/g) of its initial discharge capacity over the course of 100
cycles. In contrast to that, cells with the IL-based electrolyte only
lose 28% (41.73 mAh/g) of their initial discharge capacity and
retain over 100 mAh/g at the end of 100 cycles. In the first 20
cycles, the cells containing IL electrolytes show lower discharge
capacities due to the slow lithium transport kinetic caused by the
higher viscosity of the ionic liquid.”’

Alook at Coulombic efficiencies (CEs) gives a first hint to the
possible parasitic reactions with the electrolyte,”* showing
values above 100% for the carbonate-based electrolyte up to the
60th cycle. This can be caused by decomposition of the
electrolyte during discharge, which generates a current that is
not attributed to the lithiation of the cathode material. Such
reactions are known to occur in LillO, batteries, where the
organic electrolyte is oxidized by oxygenated species during
discharge.” The cells with ionic liquid-based electrolytes
showing a CE of ~#99.6% (5th—100th cycle) do not show this
behavior.

At 40 °C, all cells deliver higher initial discharge capacities,
that is, 220 + 12.9 mAh/g for those with the carbonate-based
electrolyte and 190 + 1.7 mAh/g for those with the IL-based
electrolyte, mostly due to the faster lithium transport properties
in the bulk of the cathode at higher temperatures.’® The capacity
difference for a specific cycle between the two electrolytes
shrinks due to the faster decrease of viscosity and faster increase
of ionic conductivity of the IL electrolyte at elevated
temperatures. Additionally, capacity fading is heightened in
both cases at elevated temperature; cells containing the
carbonate-based electrolyte lose 76% (loss of 168.0 mAh/g, in
average) of the initial discharge capacity, while those with the IL-
based electrolyte lose 47% of the initial discharge capacity (88.2
mAh/g, in average) after 100 cycles. The CEs for both
electrolytes at 40 °C show an unsteady behavior by reaching
over 100% in several cycles, suggesting that the IL is also taking
part in unfavorable side reactions at this temperature. Never-
theless, this behavior is more prominent for the carbonate-based
electrolyte; thus, in order to pinpoint the electrolyte solvent that
causes this behavior, EC and/or EMC were replaced by their
fluorinated analogues FEC and FEMC.?” The cycling perform-

ance of cells with various combinations of fluorinated carbonate
solvent is shown in Figure S1. A more pronounced difference in
cycling behavior can be observed at 40 °C. In addition, the more
rapid fading and further deteriorated CE are detected from the
cells containing FEC, while the replacement of EMC by FEMC
has a much less impact on the electrochemical performance of
the cells, suggesting that the cyclic carbonates are probably the
course for the unfavorable side reactions.

Further understanding of the mechanism behind the capacity
fade can be derived from the analysis of dQ/dV vs potential
plots. Figure 2A shows the dQ/dV vs potential profiles of
Li, ,sNbg,sFe O, electrodes during the charge process
depicted for selected cycles at 20 °C.

Thereby, the peak at & 2.4 V can be attributed only to the
cationic redox process in which Fe®* is oxidized to Fe**. The
redox mechanism behind the peak at a potential of 4.2 V vs LilLi*
is more complex and involves the oxidation of Fe** to Fe'',
oxidation of O?~ to O°~ and O,, and the subsequent reduction of
Fe** back to Fe*" via a reductive coupling mechanism.”' The
Fe?|Fe’* redox peak stays constant in intensity and potential for
both electrolytes, with the only exception being that it shifts to
slightly lower intensity and a higher potential at the 100th cycle
in the carbonate-based electrolyte. In accordance with this, the
capacity derived by integration of this peak is maintained at
~25% of the initial charge capacity for both electrolytes, which is
shown in Figure 2B. A more significant effect from the
electrolyte is observed for the peak at ~ 4.2 V vs LilLi". For
the carbonate-based electrolyte, this peak shifts to higher
potentials along cycling and decreases in intensity till it is not
noticeable anymore after 100 cycles. The significant decline in
intensity leads to a decreased capacity from the redox reaction at
this potential during cycling, which is also shown in Figure 2B.
For the IL electrolyte, the loss of intensity and the shift to higher
potential of this peak are both significantly diminished, and the
capacity derived from it is still 228% of the initial charge
capacity after 100 cycles. Overall, it can be established that the
Fe**|Fe* redox couple at low potential is not affected during
cycling and the capacity fading stems mostly from the redox
process occurred at high potential (~4.2 V vs LilLi*), which
involves the electrochemical activities of lattice oxygen in
combination with Fe**|Fe*". Comparing the two electrolytes, the
cell with the IL electrolyte seems to be significantly less affected
by this trend.

All reflections of the material displayed in Figure 2C can be
assigned to the DRX structure Fm-3m. During charging and
discharging, the intensity as well as the position of the reflection
change with both electrolytes, as shown in Figure 4D for the
(200) peak. Therefore, the shift to higher angles is observed
before, which is presumed to be caused by the smaller ionic radii
of oxidized Fe** and O°" species that emerge during charging,
while the intensity decline is attributed to oxygen loss from the
material.>! During discharging, in contrast to the carbonate-
based electrolyte, the intensity and position of reflections from
the material cycled in the IL-based electrolyte shift more to their
initial pristine state, which is a further evidence for a more
reversible redox reaction.

3.2. CEl Evolution on the DRX Cathode. In order to
identify the reaction products forming in the CEI at the cathodel
electrolyte interface during cycling, XPS measurements with
SDP were conducted on Li,; ,sNby,sFe( 5O, electrodes cycled in
both electrolytes at the charged and discharged states. Signals
from Nb and lattice oxygen in their respective Nb 3d and O 1s
spectra can be detected on a pristine electrode surface without

https://doi.org/10.1021/acsaem.1c01879
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Figure 3. F 1s, O Is, C 1s, and Nb 3d XPS spectra of the Li; ,3Nb,sFe( sO, cathode after storage for 100 h at 20 °C in a cell with a carbonate-based

electrolyte.

sputtering (see Figure S2). The spectra of the electrode stored in
the carbonate-based electrolyte are displayed in Figure 3. In the
F 1s spectra, the higher binding energy peak is attributed to
PVdF and LiPF and the lower one corresponds to LiF, resulting
from LiPF; reduction.”® In the O 1s spectra, the two signals at
high binding energy, that is, 534.0 and 532.0 eV, are assigned to
organic carbonates (R,CO;) and Li,COj, respectively, with the
latter one (for Li,CO;) being more pronounced. Meanwhile, the
peak at the 529.5 eV, which is assigned to lattice oxygen in
Li, ,sNbg,sFey 5O, and Li,O, does not show up until the 780 s
sputtering is conducted. This finding proves that CEI can be
directly formed on the DRX electrode surface by contacting with
the carbonated-based electrolyte and also indicates Li,CO; as
one component of the CEI layer that can be oxidized at high
voltages during charging, which would result in a decreased CEI
thickness, in agreement with previous rep01rts.39_41 In the C 1s
spectra, in order to eliminate the error caused by overlapping of
the peaks corresponding to amorphous carbon, conductive
carbon, and binders, they are not fitted individually and the sum
of their contributions were used for interpretation, the details of
which are given in Figure 4. In accordance with the peak for
lattice oxygen in the O 1s spectra, characteristic peaks of
Niobium could only be detected after 780 s of sputtering, again
suggesting the formation of a CEI on the cathode surface.

To investigate the effect of charge/discharge processes on
CEI composition, the depth-dependent evolution of the atomic
concentration of F, O, C, and Nb in the surface layer of the
electrode cycled either in a carbonate-based or in an IL-based
electrolyte was determined from XPS spectra along with
sputtering time. The studies were carried out on the electrodes
at both ends of charge (4.6 V vs LilLi*) and discharge (1.5 V vs
LilLi*) after four complete cycles, and the results are shown in
Figure 4. The atomic concentrations of S and N in the case of the
IL were negligible and are not shown here. Due to the surface
sensitivity of the XPS technique, the atomic concentrations of
the lattice oxygen and Nb can be used to evaluate the thickness
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of the CEL" specifically for this material. In the case of the
carbonate-based electrolyte, these signals only show up after
720 s of sputtering, which implies a sizable surface layer.
Thereby, the thickness seems to increase during discharge, as
indicated especially by the decreased concentration of Nb in this
state. Besides the increased concentration of lattice oxygen and
Nb after 780 s sputtering, the intense amount of LiF on the
electrode surface is found to be significantly diminished at the
charged state after 780 s of sputtering. Meanwhile, the
concentration of LiF as well as Li,CO; after discharge is lower
compared to the charged state, which suggests that the CEI at
this state consists of more organic compounds. Some of these
organic compounds can detach from the surface through
oxidation at high voltages, which uncovers a more LiF-rich CEIL
Additionally, higher concentration of LiF at the charged state
can be tied to reactions of the electrolyte solvents with
oxygenated species creating LiF in a subsequent reaction step,
which was observed for cathode materials with anionic redox
behavior before.**

Figure S3 depicts the atomic concentration of LiF and Li,CO;
after 25 cycles. Interestingly, the concentration of LiF increases
after the first sputtering steps and decreases again after 720 s,
which indicates that the composition of the CEI formed in the
carbonate-based electrolyte varies substantially with depth,
Li,CO; can be found more at the surface, and higher
concentrations of LiF are present in deeper regions of the
CE]J, closer to particles of the cathode material. On the surface of
the electrode cycled in the IL electrolyte, less contents of LiF and
higher amounts of carbon species were detected. Contrary to the
carbonate-based electrolyte, signals from lattice oxygen and Nb
in the material could be detected on the surface of electrodes
(0 s) in both charged and discharged states. This indicates a
much thinner CEI layer formed when cycling in the IL
electrolyte. In addition, the atomic concentration of the detected
species of electrodes cycled with the IL electrolyte generally
shows only insignificant differences compared to those with the
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state.

carbonate-based electrolyte, independent of the state of charge cycling. Overall, it can be concluded that the CEI on the
(SoC), suggesting only minor changes in the formed CEI during Li; »sNbg,sFeosO, cathode formed in the presence of ILs is
10914 https://doi.org/10.1021/acsaem.1c01879
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much thinner and also shows less evolution and growth with
ongoing cycling than the carbonate-based electrolytes.

In situ EIS measurements were carried out in two-electrode
Li; ,sNbg,sFeqsO, Il Li cells with either a carbonate-based
electrolyte or an IL-based electrolyte. The measurement was
conducted when the cell was charged to 4.6 V and discharged to
1.5V, and the resulting Nyquist plots are shown in Figure 5. An
obvious impedance difference between the charged and the
discharged state can be observed from the cell in contact with
the carbonate-based electrolyte (Figure SA), which is consistent
with the results of XPS, which showed that the CEI formed in
this cell is not effective and evolves during cycling. Interestingly,
the alternate behavior between higher and lower resistances in
the discharged and charged cells is repeated for the whole
measurement duration of 25 cycles (Figure S4). Therefore, the
resistance of the cell increases during discharge and decreases
during the following charge process. Due to fitting the results
with a physical model (Figure S4D), it is possible to differentiate
between the individual resistances of the electrolyte (R,), the
surface layer (Ry), and the charge transfer (R,). While in Figure
4B both R, and R, remain constant compared to the charged
and discharged state of the same cycle, the alternating behavior is
shown by the surface layer resistance. Because in the same cycle,
the CEI layer is thicker at the end of discharge than at the end of
charge, as has been proven by XPS (Figure 4), this alternate
resistance behavior leads to a speculation that part of the
components of CEI may release from the electrode surface or
dissolve in the electrolyte during the charging process. The cell
with the IL electrolyte, on the other hand, shows a similar
impedance in both SoCs (Figure SB). All three resistances
(Figure S4C) display a constant behavior in both charge states.
The higher overall impedance of the cell with the IL electrolyte
compared to the carbonate-based electrolyte can be ascribed to
the interactions with the lithium metal anode rather than with
the DRX cathode. This becomes clear when taking a look at
symmetrical cathode Il cathode cells (see Figure SS), which show
smaller impedances with the ionic liquid-based electrolyte as
with the carbonate-based electrolyte. Combining the XPS and
EIS results, an illustration of CEI evolution on the DRX
electrode when using carbonate-based electrolyte is depicted in
Figure 6. It can be concluded that the carbonate-based
electrolyte is not able to form an effective CEI on the DRX
cathode material, but instead reacts constantly with its surface,
forming and decomposing a surface layer that consists of LiF,

@ Active material
— Binder 7= LiF
@~ Li,CO; ~= carbonaceous

. Conductive compounds
carbon

A —,

Pristine In contact with
electrolyte

Detachment of some
carbonaceous products

Further electrolyte
decomposition

Figure 6. Reaction scheme of the carbonate-based electrolyte with the
Li; ,sNbg,sFe O, cathode material. CEI formation starts when the
electrode is in contact with the electrolyte. During cycling, ongoing
further electrolyte decomposition leads to a thicker CEI in the
discharged state, while at high voltages of the charge state, some of the
carbonaceous products release from the electrode surface and more LiF
is exposed. This leads to a thinner LiF-rich CEI at high potentials.

Li,CO;, and other carbonaceous compounds. These reactions
occur at high voltage not only during charging, but also during
discharging. Some carbonaceous compounds though their
formula cannot be identified in this work, release from the
electrode surface resulting in a thinner and more LiF-rich CEI
layer at the end of charging. The IL-based electrolyte, on the
other hand, shows negligible reactions between the DRX
electrode and electrolyte.

3.3. Electrochemical Performance in Lithium lon Full
Cells. Figure 7 compares the electrochemical performance of
Li; ,sNbg,sFey 5O, Il graphite cells using either carbonate-based
or IL-based electrolytes. The cells were cycled for 100 cycles
both at 20 °C (Figure 7A) and at 40 °C (Figure 7B). To our
knowledge, it is the first report on the long-term performance of
lithium ion full cells containing a DRX cathode material. Because
of the incompatibility of the pure IL electrolyte with the graphite
anode, 10 wt % of EC was added to the IL-based electrolyte to
ensure an effective solid electrolyte interphase (SEI)**
formation on the anode and prevent exfoliation of the graphite
due to co-intercalation of the large pyrrolidinium ion.*> Similar
to the results obtained from lithium metal cells, the lithium ion
cell with the IL electrolyte shows reduced capacity fading both at
20 and at 40 °C when compared with those with the carbonate-
based electrolyte, even though the initial discharge capacities are
lower because of the higher viscosity of the IL. The material can
retain 48.9% (74.7 + 2.92 mAh/g, 20 °C) and 31.7% (53.9 +
6.07 mAh/g, 40 °C) of its initial discharge capacity when cycled
with the IL-based electrolyte, but it decreases to 39.8% (65.8 +
7.52 mAh/g, 20 °C) and 13.0% (24.0 + 3.38 mAh/g, 40 °C)
when cycled with the carbonate-based electrolyte. Significant
differences can also be detected in the respective CEs of the cells.
The average CE (Sth to 100th cycle) at 20 °C for the carbonate-
based electrolyte is 98.6 + 0.3%, which increases to 99.2 + 0.2%
for the IL electrolyte. Elevated temperatures of 40 °C cause a
further decrease in the average CE to 96.1 + 0.4% for the
carbonate-based and 98.1 + 0.9% for the IL-based electrolyte.
This leads to the conclusion that the decomposition of both
electrolytes is elevated at higher temperature. Nevertheless, the
IL-based electrolyte contributes to a more stable and efficient
cycling of the DRX cathode material. The addition of EC
enabling effective SEI formation on graphite is necessary for
successful application in lithium ion cells.

3.4. CEl Evolution on the DRX Cathode in Lithium lon
Full Cells. Figure 8A,B depicts the respective Nyquist plots for
cells with one of the two electrolytes for the first 25 cycles. The
impedance was measured after the cells reached a cut-off voltage
of 4.6 V during charging and 0.5 V during discharging. It can be
seen in Figure 8C that the charge transfer (R,,) and surface film
resistance (R;) of the cell with the carbonate-based electrolyte
continuously increase, while those of the cell with the IL
electrolyte, on the other hand, change only slightly at the
beginning of cycling and then reach a plateau at around 10 Q.
This is further evidence for decreased side reactions between the
DRX cathode and electrolyte when using the IL-based
electrolyte instead of the carbonate-based electrolyte. Similar
trends can be seen for the impedance in the charged state at 20
°C (Figure S6) and 40 °C (Figure S7), where the carbonate-
based electrolyte also shows a steady increase in impedance.
Therefore, the rising surface layer resistance, as shown in Figure
S6C, is the main reason for the impedance growth in
Li; ,sNbg,sFeysO, Il Graphite cells with carbonate electrolytes.

In order to illustrate the surface evolution of the CEI during
cycling, the DRX cathode electrodes were investigated with
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Figure 9. SEM images of the surface of a Li; ,sNbg,sFey O, cathode after cycling in either a carbonate-based electrolyte (A—D) or an ionic liquid-
based electrolyte (E—H). The images represent different cycle numbers such as S cycles (A,E), 25 cycles (B,F), 50 cycles (C,G), and 100 cycles (D,H).

SEM after S, 25, 50, and 100 cycles in either the carbonate-based
and IL-based electrolyte. The results are depicted in Figure 9.
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After five cycles, both electrodes (Figure 9A,E) show a clean
surface independent of the choice of electrolyte. The
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degradation of the electrode surface is first seen after 25 cycles
with the carbonate-based electrolyte (Figure 9B), on which
some pores in the electrode are clogged by decomposition
products. This trend is then continued at 50 cycles (Figure 9C),
where most particles on the electrode surface are covered by
deposition products. Then, a remarkable change is visible after
100 cycles (Figure 9D), where the whole electrode surface is
covered with a thick layer and no pore can be observed anymore.
This leads to the conclusion that decomposition of the
carbonate-based electrolyte happens continuously during
cycling; thus, the CEI layer on the DRX surface that is
constructed by the occurrence of these side reactions is unstable
and grows accordingly. For the IL electrolyte, on the other hand,
degradation of the electrode surface is not visible and no pores
are clogged even after 100 cycles.

A similar trend can be seen on the anode side (Figure S8),
where the use of the carbonate-based electrolyte in the cells
leads to thick surface deposition on top of the graphite particles.
Because a comparable degree of degradation of the graphite
anode was observed in carbonate-based electrolytes cycled with
conventional cathode materials, when a crosstalk from the
cathode to the anode is pres.ent,%’47 such a transfer of
decomposition products is also suggested here as a possible
explanation. Because parasitic reaction with the electrolyte often
causes the evolution of gases,*® pouch bag cells containing the
DRX cathode and graphite anode were assembled and cycled for
5,25, and 50 cycles to track the gas volume change inside the cell
using the Archimedean principle. For comparison, the volume
change of a blank cell without the electrolyte was also measured
after 100, 500, and 1000 h, which correspond to the completion
of 5, 25, and 50 cycles at the rate of 0.1 C. The results are
depicted in Figure 10 A. The blank cell increases its volume by
0.1 + 0.02 uL after storing for 100 h (equal to S cycles) and does
not change with prolonged storage time, indicating that the
assembled pouch cells are tight and no atmosphere can
penetrate into the cell. The volume of the pouch bag cell
containing IL increases its volume slightly with 0.16 + 0.02 uL,
0.28 + 0.02 uL, and 0.37 + 0.02 uL after 5, 25, and S0 cycles,
respectively. A more notable increase can be detected for the cell
with the carbonate-based electrolyte, which show a volume
increase of 0.40 + 0.02 uL after S cycles, which is already higher
than the volume change of the cell containing IL after 50 cycles.
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The volume increase maintains a fast pace till 25 cycles (0.86 +
0.02 uL) and slows down afterward (e.g., 0.96 + 0.02 uL after 50
cycles). The volume change is clearly contributed by the gas
evolution from the electrolyte decomposition, which brings a
safety concern leading to a potential rupture of the cell. The
composition of the gas phase from the cell cycled with the
carbonate-based electrolyte for 50 cycles is then investigated by
GC-BID. The resulting chromatogram is depicted in Figure 10B.
The gas amount was not sufficient to measure in cells containing
the IL electrolyte, which also indicates a stable cell system. The
presence of N, and O, can be explained by contamination with
the surrounding atmosphere during sample preparation before
the measurement. H, and CO as well as CH,, C,H¢, and C,H,
stem from SEI and CEI formation as well as ongoing reactions
inside the cell during cycling and are common products in gas
phases of LIBs.*” Thereby, CO can be obtained by oxidation of
electrolyte decomposition products and EC during charging.
This gas evolution in the charge process may result from the loss
of surface compounds thus the thinner surface layer, that was
being discussed in lithium metal cells. A more significant finding
is the increased share of H, (68.0 + 0.23%) in the overall gas
phase. Recent studies suggest the reduction of electrolyte
decomposition products that are generated by the oxidation of
EC on the cathode side as the main source for H, evolution in
LIBs.’”*" This assumption is in agreement with the results
presented in this study, suggesting that the side reactions
between the DRX electrode and electrolyte components,
especially EC, take the main responsibility for the decreased
performance of the lithium ion cell with DRX cathodes.

4. CONCLUSIONS

The performance of the Li;,sNbgy,sFeqsO, DRX cathode
material and its interactions with the electrolyte are thoroughly
investigated. In general, carbonate electrolytes on their own are
not suitable for use with DRX materials. Their combination
results in cells showing rapid capacity loss due to the poor
reversibility of Fe*'|Fe*" and anionic redox as well as the harsh
side reactions between the DRX electrode and electrolyte. The
products from these side reactions, including LiF, Li,COj;, and
carbonaceous compounds, detach and re-form along cycling,
lead to coverage of the surface with an ineftective CEI, and clog
the pores of the DRX electrode. These findings are more severe
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at elevated temperatures, for example, 40 °C, and can be
mitigated by swapping the carbonate-based electrolyte with an
IL-based electrolyte, even though more work must be done
regarding the low ionic conductivity, high viscosity, and poor
compatibility with the graphite anode of ILs. Meanwhile, the
critical gas evolution from cells containing the carbonate
electrolyte is significantly limited by this swap, which is also
promising from the viewpoint of safety. Once IL-based
electrolytes become cost-competitive, this work will increase
the potential of practical application of the DRX material and
will show a way to enhance the performance on their cell level
besides changes of the cathode material.
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