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Abstract:

LioVVO2F with the cation-disordered rock-salt structure is an attractive high-energy density
positive electrode material, but suffers from severe capacity fading upon cycling. The
underlying reasons are yet unclear. In this study, we can associate the critical relation of the
capacity fade with the electrode-electrolyte interactions such as vanadium dissolution and
interfacial resistance build-up upon cycling. In this regard, the use of a concentrated electrolyte,
5.5 M LiFSI in dimethyl carbonate, reduces vanadium dissolution significantly. Moreover, it
results in a lower interfacial resistance build-up as compared to conventional 1.0 M LiPFs
electrolyte, thus significantly increasing the cycling stability. We identify that solubility of
vanadium enhances significantly with higher oxidation states. Using differential

electrochemical mass spectroscopy we demonstrate that oxygen loss does not take place even
for highly abusive charging to 4.8 V. Up to now, the ability to drive the full lithiation of VO2F
towards stoichiometric Li2VVO2F remained, which we are addressing here. This study provides
encouraging evidence that electrode-electrolyte interactions have to be considered to improve

the cycling performance of vanadium based disordered rock-salt oxides.



Introduction:

Improving the energy density of rechargeable batteries is one of the core objectives in the
energy storage field. Debatable, the positive electrode material is the bottleneck to improve the
specific energy of the lithium-ion batteries. While an alloying material like Si could offer high
specific capacity at the anode side this needs to be balanced with suitable high capacity
cathodes. State-of-the art layered rock-salt oxides like LiCoO2 and LiNiyzsMn13C01302 exhibit
stable specific capacities between 145-165 mAh g, but practically could not exceed specific
capacities higher than 200 mAh g1.1-3This limitation for intercalation based systems stems from
the fact that the redox capacity is governed solely by cationic redox of the transition metal,
which is either limited by the heavy framework, electronic structure (limited redox stability) or
structural stability of the host lattice (cation migration). The development of lithium-rich
layered metal oxides based on manganese with XxLi2MnOs*(1-x)LiMO; cathodes, is a
breakthrough as this material display high capacities in the range between 250-300 mAh g%,
which is by virtue of reversible storage of charge, on both the transition metal and the anion

(oxygen redox).+’

With the discovery of disordered rock-salt compounds with facilitated lithium diffusion through
lithium excess, this class of compounds have evolved into a potential high capacity cathode
material.® This finding has opened a new perspective in the paradigmatic search for cathode
material showing only minor or no cation mixing. The chemical space for the cathode design,
which is traditionally dominated by Ni, Mn and Co based oxides, has been broadened. Today,
already a large number of high capacity positive electrode materials with disordered rock-salt
structure have been reported.®>*? The commonly pursued approach comprise the formation of
hypothetical solid-solution between an divalent or trivalent transition metal with a high-valent

charge compensator. These include Ti*4, 13 Zr+414 Sh*5 15 Nb*5,16 Mo*® 10 where the transition



metal is anticipated to be electrochemically inactive. Nevertheless, oxygen redox can partially
compensate this penalty by contributing to the overall capacity beyond the transition metal
redox capacity. This method exhibits two major disadvantages: one is the high atomic mass,
leading to a heavier framework structure and lower specific capacities and second the
introduced transition metal offers no redox capacity or is active in an impractical voltage

window.

An alternative approach is based on the use of transition metals suitable for multiple electron
reactions, such as V*3/*5 1718 Cr+3/*5 19 M*3/*6 20 byt these usually have lower average voltages.
Attempts to increase the average voltage by introducing an additional transition metal with high
voltage redox-couples have shown limited success. An encouraging and unusual development
for cation-disordered rock-salts is that the unusual distribution of local cation environments
gives rise to high level of bulk fluorination.?* Contrary to classical ordered systems, where only
low degree of fluorine could be substituted, fluorine to oxygen substitution has been shown to
increase the operation voltage of these oxyfluoride materials and further reduce the oxidation
state of the compound and therefore mitigate oxygen release by maximizing transition metal
redox.?? Substitution of O? for F- offers an attractive alternative to introduce Li-excess
compared to the conventional high-valent doping with heavy redox-inactive elements and
therefore offers high theoretical capacities. Although new materials and design concepts have
been introduced, long cycling stability with minor capacity fading yet has to be demonstrated.
Here, approaches could be promising where the transition metal redox capacity is maximized
by employing multi-electron redox couples, in order to avoid oxygen oxidation with irreversible

O3 gas release.

Cubic disordered rock-salt LioVVO2F synthesized by a direct mechanochemical approach shows
a theoretical capacity of 462 mAh g with the feasibility for V*¥*> redox reaction.!® Its

preparation requires a mechanochemical synthesis without heat treatment due to thermal
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instability, which rules out classical solid-state synthesis.?® Alternatively, the isostructural
phase can be synthesized by electrochemical lithiation of a rhombohedral VO2F perovskite
phase, leading to an irreversible phase transition and the cubic disordered Li»«VO2F end
phase.1”23-%5 Li,VO3F is an attractive high-energy density positive electrode material, but,
according to recent reports, suffers from severe capacity fading upon cycling. The reasons for

the capacity fade were still unclear.

In this work, we focus our efforts on the critical aspect of the electrode—electrolyte interaction
of Li2xVO2F. This comprises metal dissolution from the electrode material and an increase in
the cell resistance due to the formation of a blocking surface leading to fatigue of the cell. We
have used highly concentrated 5.5M LiFSI dimethyl carbonate (DMC) electrolyte, 2627 and
compared it to standard 1M LiPFe in DMC and ethylene carbonate (EC) electrolyte. There are
variety of possible side reactions of positive electrode materials, acid-base interactions with HF
and PFs(strong Lewis acid) are particularly important with regard to metal dissolution, which
are inevitably present or were formed with LiPFs electrolytes.?® LiFSI as chemically more stable
salt compared to conventional LiPFs promise to alleviate these.?® Vanadium dissolution from
the positive electrode was hinted by our previous work which we quantified for both
electrolytes. Vanadium deposition on the anode was observed and analyzed by XPS and Raman
spectroscopy. The influence of the electrolyte on the cycling performance of Li>xVO2F has
been elaborated by electrochemical analysis and impedance spectroscopy. We have also shown
the feasibility to lithiate VOF with 2 Li per f.u. The charge-compensation mechanism has been
elucidated by XANES. DEMS analysis shows that no oxygen is released even for cut-offs >4.7

V vs Li*/Li°.

Result

I. Synthesis & Characterization



The cation-disordered rock-salt LioVO2F can either be synthesized by a direct
mechanochemical approach or through the lithiation of perovskite VO2F phase. VO2F can
theoretically accommodate up to 2 Li per formula unit, corresponding to a V3*5* redox
reaction.'®2 This can be realized either electrochemically by discharging the cell with lithium
anode as lithium source or chemically by a reducing agent like n-butyllithium. (n-BuL.i), which
can mimic the electrochemical lithiation. For the electrochemical lithiation to Li2xVO2F, cells
have been constructed and then discharged to 1.3 V versus Li/Li* at 20 mA g current,
exhibiting a discharge capacity of 450 mAh g, which corresponds to 1.7 Li per formula unit.
For the chemical lithiation, 2.1 equivalents of n-BuLi have been used, which gave a nominal
stoichiometry of LioVO2F according to ICP-OES. Details are given in the Supplementary
Information (SI). The electrochemically synthesized compounds will be noted as Li>-xVO2F due
to the off-stoichiometry in order to distinguish between both compounds. The synthesis of R-
3c VO2F has been adopted from our previous work. The high-resolution transmission electron
microscopy (HRTEM) overview is shown in Figure 1a and reveals the typical morphology,
which is seen for mechanochemically synthesized material .3°3! The sample consists of larger
agglomerated particles composed of smaller grains with intersecting amorphous regions. The
crystallites are in the range of around 20-50 nm. Figure 1a shows the HRTEM image of VO2F
along the [001] zone. In Figure 1b the elements V, O, F have been confirmed by electron energy
loss spectroscopy with a vanadium oxidation state of +5. The XRPD pattern of the pristine
VO2F with a rhombohedral structure with space group R-3c is presented in Figure 1c. The
refined lattice parameters are a = b = 5.134524 A, ¢ = 13.00811 and V = 296.992 A3. The XRPD
of Li2VO2F and Li>-xVO2F are shown in Figure 1d,e. Both compound adopt a cubic disordered
rock-salt-type structure with Fm-3m space group. The refined lattice parameter for LioVVO2F is

a=4.118305 A and for Li>xVOF is a = 4.11807 A. The lattice parameter of both compounds



deviate slightly due to the differences in composition. Figure 1f shows the schematic crystal

structure of rhombohedral VO2F and cubic Li2VO2F.
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Electrochemistry:

We compared the electrochemical properties of LioVVO2F and Li>-xVO2F, which were tested in
the voltage range of 1.3-4.1 V at 20 mA g current. It’s important to note that a 2e" transfer
corresponds to a specific capacity of 463 mAh g for Li»VO2F and 526 mAh g* for VO2F (Li»-
xVO2F) due to the lighter framework. Figure 2a with Li2VVO2F shows a first discharge of 355
mAh g! (1.53 Li per f.u.) with a plateau like behavior around 2.5 V as shown by the
corresponding differential capacity versus voltage curves. Figure 2b shows the first discharge
of VO2F capacity of 440 mAh g (1.67 Li per f.u.) with a sloping profile for the first cycle. The
consecutive cycles resemble the charge-discharge profile of Li2VO2F. The first cycle shows a
comparably high irreversible capacity, which we observed already in our previous work for the
delithiation of rhombohedral LixVO2F.1" A closer look at the corresponding differential
capacity (dQ dV-1) versus V plot show several peaks for the first discharge, but only one peak
for the consecutive cycles. This can possibly be attributed to the irreversible rhombohedral to
cubic phase transition during the first cycle. For the second cycle both compounds show similar
behavior with a plateau-like behavior at 2.5 V indicating the chemical similarity of both
compounds. Figure 2c¢ shows the cycling stability for different specific currents at 10, 20, 50,
100 mA g* for Li>.xVO2F and at 50 mA g*for Li2VO2F. Li>-VO2F shows for the same specific
current a better cycling stability as compared to LiVO2F. It is noteworthy that the capacity
retention is lower for slow cycling and increases with the current density. This could hint at a
chemical instability of the material when in contact with the electrolyte, as lower rates mean
longer contact times. Figure 2d shows the cycling stability and the specific current at 100 mAh
g* for various voltage windows. The voltage window limits the governing redox reaction and
therefore the amount of inserted/extracted lithium. The voltage window has been varied

systematically by fixing either the upper cut-off to 4.1 V or the lower cut-off and gradually
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changing window. In this respect, varying the lower cut-off increases the specific discharge
capacity due to the sloping profile drastically. In contrast, increasing of the upper cut-off from
4.1V towards 4.5 V leads to increasing capacity fading. The capacity retention decreases for
higher cut-offs (>4.1 V) and slower cycling, which indicates possible side reactions and
instabilities of the electrode-electrolyte interface.®® In a second attempt, a concentrated 5.5 M
lithium bis(fluorosulfonyl) imide (LiFSI) in dimethyl carbonate electrolyte3* was examined and
compared to a conventional 1.0 M LiPFe in ethylene carbonate dimethyl carbonate (1:1 w/w)
electrolyte. Hereafter, we will use the notation 5.5M-LiFSI and 1.0M-LiPFe, respectively. The
cycling stability has been studied at a specific current of 100 mA g in the cycling window
between 4.1-1.3 V as shown in Figure 2e. Common for both electrolytes is the high first cycle
irreversibility. For the cells with 5.5M-LiFSI the cycling stability increased significantly,
exhibiting a specific capacity of 155 mAh g after 200 cycles compared to the cells with 1.0M-
LiPFs electrolyte exhibiting only 30 mAh g*. Figure 2f illustrates the rate performance with
both electrolytes, which involved five consecutive cycles at a constant specific current at 20,
50, 100, 200, 400, 800 mA g*. The cells with 1.0M-LiPFs exhibited a capacity of 372, 355,
324,287,231, 143 mAh g? for the respective 2" cycle. For 5.5M-LiFSI the corresponding
values were 364, 349, 321, 289, 249, 190 mAh g*. For higher cycle numbers the discharge
capacity diverged more due to comparably higher capacity fading of the cells with 1.0M-
LiPFs electrolyte. Figure 2g,h shows the charge-discharge profile of the 2" cycle of each

current range from the rate-capability test, respectively.
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Figure 2: Cycling measurements were conducted in the voltange between 4.1-1.3 V unless

stated otherwise. Charge-discharge profile of a) Li2VO2F b) Li>xVO2F at 20 mA g with
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corresponding dQ dV-1.c) Cycling stability for various specific currents d) Cylcing stability of
Li2-xVO2F for different cut-offs. e) Cycling stability of Lio-x\VO2F at 100 mA g* for 1.0M-LiPFg
and 5.5M-LiFSI. f) Rate capacbility test for Li>xVO2F for 1.0M-LiPFs and 5.5M-LiFSI.
Respective charge-discharge profile from rate capability test at different specific currents for g)

1.0M-LiPFg h) 5.5M-LiFSI.

Degradation mechanism: Electrode-electrolyte interactions

The results highlight the importance of the optimized electrolyte on the cycling stability of Lio.
xVO2F. It is in general accepted that all positive electrode materials can react with commonly
used electrolytes, which leads to a unique surface chemistry and a possible passivation.®® To
understand the origins of the capacity fade and the influence of the electrolyte on the
degradation mechanism complementary investigations were carried out with a focus on the

electrode-electrolyte interactions with the positive electrode side.

The lithium anode of an aged cell was investigated by X-ray photoelectron spectroscopy (XPS)
and Raman Spectroscopy. XPS was used to probe the oxidation state of the deposited vanadium
on the lithium anode surface; the V 2p core level is shown in figure 3b. The deconvolution of
vanadium gives the V2ps, peak at 516.1 eV and V2p1, peak at 523.5 eV, respectively and
indicates +4 valence state of vanadium.3® Furthermore, a surface mapping of vanadium on
cycled Li has been done by Raman spectroscopy. It should be noted that Raman spectra are
very sensitive to crystal symmetry, coordination geometry and oxidation states, which make
the profound analysis difficult. In the current study, we used Raman only to map the vanadium
deposits on the lithium anode. Figure S1 shows the Raman spectra of cycled Li surface and
compared with V20s reference spectra. The spectra illustrate the deposition of an amorphous
VOx -like film on the cycled lithium surface, with the majority of vanadium in V** oxidation

state. This observation is in accordance with the XPS results. Figure 3a shows the Raman

11



mapping of the vanadium on the cycled Li surface using the intensity of vanadium~ 900 cm?
peak, which is the most intense peak and mainly originates due to the stretching vibration of

the vanadyl bonds. 3637

In order to understand the origins of the performance improvements for LixxVO2F,
electrochemical impedance spectroscopy (EIS) was performed on cycled cells. Furthermore,
the extent of vanadium dissolution was qualitatively probed for both electrolytes. EIS was
measured at 25 °C for the discharged state after the first formation and the 50" cycle. The
Nyquist plots for the positive electrode with 1.0M-LiPFs and 5.5M-LiFSI are shown in Figure
3c,d respectively. The Nyquist plot shows a semicircle at high frequency region, which can be
attributed to the surface film resistance (Rsf) and the charge transfer resistance (Rct) as shown
in the fitted circuit. Rss originates from the bulk electrode electronic resistivity and electrolyte
resistance, Rt is due to the charge transfer resistance at the electrode-electrolyte interface. The
sloping line is attributed to the solid-state diffusion of the Li*-ions in the bulk (Warburg
element). R resistance for 1.0M-LiPFs after 2" cycle and 50" cycle were 1.6 Q and 2.6 Q,
respectively. The corresponding Rsf values for 5.5M-LiFSI were 8.7 Q and 8.2 Q, respectively.
The relatively larger Rss values for 5.5M-LiFSI, could be due to the high viscosity of
concentrated electrolyte or as a result of a more dense surface film due to the decomposition of
LiFSI salt. The charge transfer resistances R¢t for 1.0M-LiPFs after 2" cycle and 50" cycle
were 12 Q and 39 Q, respectively. The corresponding Rc: values for 5.5M-LiFSI were 6.8 Q
and 9.4 Q, respectively. Remarkably, unlike the drastical increase of the charge-transfer
resistance for the cells using 1.0M -LiPFs (225% increase), the resistances of the cells using
5.5M-LIiFSI (38%) increased only slightly, which indicates the formation of a more conductive

and stable cathode electrolyte interphase (CEI) for the latter.

For the dissolution study VO2F and nominal “Lii7VO2F” have been immersed in both

electrolytes for 7 days at 45°C. Afterwards, the amount of vanadium in the electrolyte was
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determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) which is
summarized in Table 2. This study gives a clear indication for the solubility of the vanadium
from the positive electrode in the carbonate electrolytes. The pristine VO2F shows a ~ 20 times
higher solubility compared to the lithiated compound. Striking is the difference of the vanadium
solubility between the 5.5 M-LiFSi and 1.0M-LiPFs electrolyte, clearly indicating a lower
solubility of vanadium in the more concentrated electrolyte. Together with the observation that
the deposited vanadium was found predominantly in the oxidation state +4 and that dissolution
was enhanced for pristine state with the oxidation state +5, we argue that higher oxidized
vanadium is more soluble in carbonate electrolytes.

Taken together with the ICP-OES results and the impedance measurements, we can clearly
demonstrate that the concentrated LiFSI electrolyte approach was effective in lowering the
positive electrode material resistance and in suppressing V dissolution. As consequence, the

cycling performance was improved significantly.
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Figure 3: a) Raman mapping of vanadium on the lithium anode b) V 2p core level of the
vanadium deposited on the anode. EIS measurements on the positive electrode for different

cycles ¢) 1.0M-LiPFs d) 5.5M-LiFSI

Table 2: V dissolution in the electrolyte at elevated temperatures (T=45°C) for pristine and

discharged state.

Compounds V dissolution %

1.0 M LiPFs | 5.5M LiFSI

VO2F 4.49+0.13 1.55+0.04

Lir7VO2F 0.22+0.01 -

Reaction mechanism:

In order to elucidate the charge compensation mechanism for LioxVO2F V K-edge
measurements have been performed for different state of charge as shown in Figure 4a,b . The
comparison of the V K-edge of VO2F with V20s reference confirms the oxidation state to be
+5 states. VO2F shows a weak pre-edge located at 5469 eV, which can be attributed to the
dipole transition due to p-d hybridization of V in the distorted octahedral environment.®® Upon
discharge (lithiation) from OCV (pristine state) to 1.3 V, the absorption edge shifts to lower
energies, close to the value of the reference Li.VVO2F with +3 oxidation state as shown in Figure
4a. This is in accordance with the observed discharge capacity, corresponding to 1.7 Li per f.u.
and an oxidation state of ~3.3. Pre-edge peak intensity typically increases with deviation from
octahedral symmetry. Moreover, it changes as a function of the number of d-electrons and is
maximized for d°-configuration.® The increase of the pre-edge intensity after discharge

therefore hints a structural distortion. Upon charging, the V absorption edge shifts to the higher
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energy values, but does not recover the edge position of the pristine state with VV** as shown in
Figure 4b. This observation is in accordance with the first cycle irreversibility.

For lithium-rich materials, both oxygen redox and lattice oxygen loss with cycling are well known
phenomena.** In order to find out whether oxygen release takes place in the case of Li;VO,F, in-
situ differential electrochemical mass spectrometry (DEMS) measurements were conducted. The
potential oxygen release was triggered by varying the upper cut-off voltage from 4.5 V in the first
cycle to 4.8 V for the second and third cycle. Figure 4c compares the potential and the gas
evolution profiles for the first three cycles. CO: evolution started at 3.6 V, and increased with
the potential and can be attributed to electrochemical electrolyte oxidation.**> No oxygen
evolution could be detected for the cut-offs 4.5V and 4.8 V in the consecutive cycles. For the
second cycle with the higher cut-off CO evolution was observed at 4.7 V, which possibly can

be attributed to the oxidation of conductive carbon.*3
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Figure 3:a) V K-edge for Li>xVVO2F for the first discharge from OCV to 1.3 V b) V K-edge for
the first charge c) DEMS measurements of Li2VVO2F the first charge cycle at C/10 to 4.5 V and to
4.8V for second and third cycle. The cell voltage (black) is shown together with the O2 (blue) CO;

(blue) and CO (red) evolution.

Discussion:

Electrode-electrolyte interactions in concentrated electrolyte

Li2VVO2F is well known to have a severe capacity fading issue, similar to other Li-rich cation-
disordered rock-salt oxides. The underlying reasons for these observations are still not
completely clarified. In general, surface side reaction with electrolyte, metal dissolution,
surface phase evolution due to transition metal migration and oxygen oxidation with irreversible
O gas release have been linked to the degradation with these type of materials.*44¢

In general, two key factors can contribute to the improved cycling stability of Li>.xVO2F in the
high concentrated LiFSI-DMC electrolyte. One is the selection of the electrolyte salt. LiFSI
shows higher ionic conductivities in electrolytes due to the weaker interaction between solvated
Li* cations and the FSI anion as compared to LiPFe salt and comparably higher Li transference
number.?®47” Another factor is the molecular structure of the electrolyte solution. To understand
the differences in the performance the 1M-LiPFe¢ and highly concentrated electrolyte 5.5M-
LiFSI, the molar ratios of solvent and salt have to be considered. The molar ratio of solvent to
salt corresponds to 13.6:1 for 1M-LiPF6 and 2.7:1 for 5.5M-LiFSI, which gives rise to an
different coordination and solvation of the ions. For the concentrated electrolyte, the ions were
mostly contact ion pairs and aggregate solvate clusters, which can explain the relatively higher
viscosity and can lead to a decrease in the ionic conductivity.?648 Surprisingly, our results show
comparable rate capabilities for both electrolytes, which can principally be attributed to the
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improved electrolyte stability in terms of reduced solvent (unsolvated) availability and possible
sacrificial anion reduction, which is hypothesized to lead to lowered interfacial resistances.

On the basis of our data we can show that capacity fading of Li>-xVO2F can be alleviated with
a concentrated electrolyte by tuning the electrode-electrolyte interactions. We could
qualitatively demonstrate that vanadium dissolution of the positive electrode material could
effectively be reduced changing from a 1.0 M LiPFs EC/DMC electrolyte to a concentrated 5.5
M LiFSI DMC electrolyte. Interestingly, we found that dissolution is drastically higher for the
charged state as compared to discharged state. The values were derived at elevated temperatures
and higher active material to electrolyte ratio, which can increase dissolution, but qualitatively
gives the right trend. An AC impedance study on cycled electrodes demonstrated that the
charge-transfer resistance increase for the positive electrode material was considerably smaller
for the concentrated 5.5M LiFSI electrolyte. The low charge-transfer resistance could be due to
the formation of more conductive and stable CEI layer at the electrode-electrolyte interface.
Furthermore, we argue that in the case of the concentrated electrolyte, dissolution and migration
of transition metal can be suppressed due to the lower quantity of unsolvated solvent molecules.
The use of concentrated electrolyte with LiFSI can therefore increase cycle life of LioxVO2F.
Raman mapping and XPS of the lithium metal anode showed that the vanadium species found
on the lithium anode has a mixed oxidation state between +5 and +4, which is unexpected since

reduction to metallic form can be anticipated.

Li-rich cation-disordered rock-salt vanadium oxyfluoride:

When we first reported the rhombohedral VO2F we assumed that the formation of cation-
disordered cubic Li2VO2F by lithiation could be possible due to the feasibility of V3+5* redox

couple. In the literature, the electrochemical lithiation up to 1.75 Li per f.u.?® has been reported
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for the first discharge, similarly to our finding of 1.7 Li per f.u. Hence, the question about the
ability to reach full lithiation remained. We could now show the accessibility up to 2 Li per f.u.
is possible by chemical lithiation with the reducing agent nBuLi (~1.0 V vs Li*/Li%?* without
indication of amorphization or phase decomposition. Consistent with the first cycle
irreversibility, V oxidation is not completely reversible in a moderate cycling window of 4.1-
1.3 V. Up to now, the possibility of oxygen release has not been considered even though it has
frequently been observed for Li-rich disordered rock-salt materials. To investigate, whether
oxygen loss can be triggered we performed DEMS measurements with highly abusive charge-
discharge cycles up to 4.7 V without detection of oxygen gas formation. CO, formation was
observed, however. To the best of knowledge, no oxygen redox activity could be experimentally
demonstrated for any vanadium based rock-salt oxides, rather multi-redox processes coupled
with vanadium migration has been observed, which has been associated with the peculiar redox
chemistry of vanadium based systems.>® Fluorine incorporation has been regarded as an
efficient way to introduce lithium excess in order to achieve lithium percolation and increase
transition metal capacity by lowering the oxidation state as in the case of Li»VOs/Li2VO2F.5!
Recently, the observation with the first cycle irreversibility in cation-disordered oxyfluorides
systems have been rationalized by DFT, which predicts the lithium migration in tetrahedral sites
for high state of charge. 1252 Thereby, the strong affinity of Li towards fluorine and necessitates

higher extraction voltages, which can cross the electrolyte stability limit.

Conclusion:

In conclusion, we have exploited the capacity fading for the Li>-xVO2F from the perspective of
the electrode-electrolyte interactions. We could significantly improve the cycling stability of
this system by using a concentrated electrolyte with 5.5M LiFSI in DMC. We qualitatively
demonstrated that vanadium dissolution is a critical issue and that transition metal dissolution

reduced in the concentrated electrolytes. In particular, the lowered vanadium solubility and the
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reduced interfacial resistances were found to increase the cycling stability. Yet, the cycling
stability continuously decreases and hints towards other degradation mechanism. Our study
shows that oxygen gas release is unlikely for this system. Furthermore, we demonstrated the
feasibility to form Li>VO2F by chemical lithiation with n-BuLi. The results presented here
provided a novel constraint and suggests opportunities to improve the performance by

optimization of the electrode-electrolyte interactions.
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Experimental Section

Synthesis:

VO2F: The synthesis procedure was adapted from our previous work.” Stoichiometric amounts
of V205 and VOF3 were ball milled with 600 rpm for 20h using a Fritsch P6 planetary ball mill
with an 80 mL silicon nitride vial and silicon nitride ball with an ball to powder ratio of 15:1.
Li2VO2zF: chemical lithiation was carried out in a Schlenk Tube under argon atmosphere in a
freezing bath of dry ice/acetone mixture (-78°C). To a suspension of VO2F in dry hexane 2.1
equivalents of n-butyllithium (2.5M in hexane) was added at once. The suspension has been
stirred overnight. For complete lithiation the suspension was heated to 50°C and stirred for 2
more days and then filtrated and washed several times with hexane.

5.5M LiFSI: LiFSA (Nippon shokubai) and DMC (BASF) with battery grade. Electrolyte
solutions were prepared by mixing the appropriate quantity of LiFSI and the solvent. The

obtained electrolyte was a clear solution.
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Electrochemical Measurements: Electrochemical tests were carried out in Swagelok-type cell
using lithium as counter electrode. Electrode slurries were made of 90 wt. % composite and 10
wt. % polyviniylidene difluoride (PVDF) binder with N-methyl-2-pyrrolidone (NMP) as
solvent. The composite consists of active material and Super C65 carbon black in a weight ratio
of 80:20. The mixed slurry was coated on an aluminum foil by a doctor blade technique and
dried at 120°C for 12 h under vacuum. Each working electrode (12 mm diameter) contained
approximately 3 mg of active material and Li foil was used as counter electrode. LP30 from
BASF (ethylene carbonate/ dimethyl carbonate, 1:1 weight ratio with 1M LiPFs was used as
electrolyte. Temperature controlled galvanostatic charge-discharge experiments were
conducted at 25 °C in climate chambers using an Arbin electrochemical workstation.

Electrochemical impedance spectroscopy (EIS) was performed using a three-electrode PAT-
Cell (EL-CELL, Germany) with Li ring as reference electrode and Li metal (18 mm) as counter
electrode. The working electrode size was 18 mm and Aluminum as the current collector. The
experiments were conducted using Bio-Logic electrochemical workstation with an applied

sinusoidal excitation voltage of 10 mV in the frequency range 200 kHz — 0.1Hz.

Differential electrochemical mass spectrometry: In-situ gas analysis was performed by use
of differential electrochemical mass spectrometry (DEMS). The setup has been described
elsewhere.*253 Custom cells with gas in- and outlets were assembled in an argon-filled
glovebox. The cathodes used (40 mm diameter with a 4 mm hole for proper gas extraction).
GF/A (42 mm diameter, GE Healthcare Life Sciences, Whatman) was used as separator, 600
pL of LP47 (1M LiPFs in ethylene carbonate/diethyl carbonate, 3:7 by weight, BASF SE) as
electrolyte, and 600 pum-thick Li metal foil (Albemarle Germany GmbH) with a diameter of 40
mm as counter-electrode. A constant carrier gas flow (2.5 mLne/min, purity 6.0) was applied

during DEMS measurements for gas extraction. The gas was analyzed via mass spectrometry
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(GSD 320, OmniStar Gas Analysis System, Pfeiffer Vacuum GmbH). After each run, a
calibration gas of known composition was introduced to quantify the measured ion currents.
X-ray diffraction: Synchrotron X-ray powder diffraction (XRPD) experiments were
performed at the Swiss-Norwegian Beamline (SNBL), beamline BMO1, at the European
Synchrotron Radiation Facility (ESRF). The powdered samples were filled in 0.5mm quartz
capillaries and sealed with wax under an argon atmosphere. XRPD data were collected using a
PILATUS 2M area detector from DECTRIS, a sample-to-detector distance of 142.27mm, a
beam size of 0.2 x 0.2 mm, a wavelength of 0.68202A, a 20° rotation of the capillary and an
exposure time of 20s. The data were converted to conventional one-dimensional powder
patterns using the FIT2D software®* In-house X-ray powder diffraction data were collected
under rotation of the capillary on a STOE Stadi P diffractometer with Mo Kal (A = 0.7093A)
using Debye-Scherrer geometry. The powder samples were sealed in quartz capillary (0.5mm
in diameter) under an argon atmosphere.

Raman: Raman measurements of the surface of cycled Lithium were conducted using an
ECC-Opto-Std [EL-CELL® GmbH] electrochemical cell. The washed Lithium after battery
cycling was kept at the electrode side of an ECC-Opto-Std [EL-CELL® GmbH] cell and
sealed with a thin optical glass window (0.15 mm) and made air-tight with a rubber seal. The
whole cell was fabricated inside a Glovebox. The Raman spectra and mapping were acquired
using an inVia™ confocal Raman microscope (RENISHAW) with a 532 nm laser excitation
source in the spectral range 600 — 1000 cm. A grating was used as dispersion element with a
groove density of 2400 I/mm. The slit opening of the confocal system were fixed at 65 um
and centered at 1859 um, respectively. The laser was focused on the sample using a 20x
objective. The nominal laser power was filtered down to 4 mW to avoid sample overheating.
Every spectrum recorded resulted from the average of 2 acquisitions of 5 s each. The data

were analyzed using inVia WIRE 4.4 Software.
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