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The Impact of Dual-Salt Electrolyte with Low Fluorine
Content on the Performance of Layered Transition Metal
Oxides for Sodium-lon Batteries

Yiyue Lu, Muhammad Nouman Aslam, Christian Leibing, Maider Zarrabeitia,
Ludovica Roselli, Lukas Fridolin Pfeiffer, Peter Axmann, Jonas Geisler, Philipp Adelhelm,

and Andrea Balducci*

1. Introduction

In this work, the characterization of novel electrolytes based on the

combination of propylene carbonate (PC) solvent with sodium bis(fluo-
rosulfonyl)imide (NaFSI) and sodium difluoro(oxalato)borate (NaDFOB), as
well as their application in sodium-ion batteries (SIBs) is presented. The
results show that dual-salt electrolytes have a wide electrochemical stability
window, excellent transport properties, and mostly suppress anodic
dissolution. When combined with P2-Na,;Al, sFe; o Mn,;;Ni; o-

O, (P2-AFMNO) cathode electrode for SIBs operating at 4.3 V vs Na* /Na,
they enable high performance and stability. XPS investigation revealed that
this performance is related to the formation of a thin and homogeneous

cathode electrolyte interphase (CEI) at the electrode surface.
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Sodium-ion batteries (SIBs) are currently
considered the most viable alternative to
lithium-ion batteries (LIBs).[!] Although the
theoretical energy density of SIBs is lower
than that of LIBs based on Lithium nickel
manganese cobalt oxides cathode,?! they
are competitive with LiFePO,-based LIBs.
Most importantly, SIBs offer an opportu-
nity to alleviate the problems associated
with the supply, cost and toxicity of raw
elements and electrode materials used in
LIBs.’] For these reasons, significant ef-
forts have been devoted to the develop-
ment of high-performance SIBs over the
past decade, culminating in the beginning
of the commercialization of these devices.

SIBs typically contain hard carbon as anode material,*l and a
Prussian blue derivative,l®! a polyanionic compound®! or a lay-
ered transition metal oxide!”! as the cathode active material. As
the electrolyte, sodium hexafluorophosphate (NaPF,) dissolved
in mixtures of ethylene carbonate (EC) and propylene carbon-
ate (PC) is widely used, which may be considered analogous to
LP30 (1 M LiPF, in EC: DMC) used in LIBs. In LIBs, the com-
position of the electrolyte has a significant impact on the elec-
trochemical performance as well as on the safety of the battery.
In sodium technology this is even more crucial due to the differ-
ences in the chemical and stability properties of the degradation
products of the electrolyte, such as the formation of the inorganic-
rich layer, mainly composed of highly soluble Na,CO,. Although
state-of-the-art electrolyte formulations based on organic carbon-
ate solvents can guarantee good performance, they still have limi-
tations in terms of safety and stability.l®! In fact, although fluorine
is favorable for the formation of stable SEL[! the high fluorine
content of NaPF, presents significant environmental and safety
concerns. For this reason, the development of novel electrolytes
having a limited fluorine content (with respect to existing formu-
lations) appears of great importance for the future of safe and
sustainable SIBs.

Among the various salts investigated so far, sodium
bis(fluorosulfonyl)imide = (NaFSI) and sodium  diflu-
oro(oxalato)borate (NaDFOB) appear of particular interest.
Both have a limited fluorine content and are not considered as
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Figure 1. Synergistic effect of NaFSI and NaDFOB in the development of low-fluorine-content electrolytes.

per- and polyfluoroalkyl substances. The price of NaFSI (5.8
€/g)1% is rather low (comparable to PF-based salt, which is
8.24 €/gl!t]) and this salt exhibits the typical favorable proper-
ties of imide-based salts, including thermal stability and high
solubility.'?l However, its use at high voltages is problematic
due to its limited ability to prevent the anodic dissolution of Al
current collectors, a limitation common to imide salts.’¥ In
contrast, NaDFOB can form a good solid electrolyte interphase
(SEI) and has the ability to protect the Al current collector.*-8]
However, its use might promote unwanted gas evolution within
the cell.’] Taking these properties into account, as illustrated in
Figure 1, it is evident that the combined use of these salts (i.e.,
NaFSI and NaDFOB) could be promising for the development of
innovative low-fluorine content electrolytes. In the past, Ciucci’s
group considered the combination of NaTFSI and NaDFOB
in polymer electrolytes.[?’] Recently, Miiller-Buschbaum and
Xia’s research groups reported interesting results using the
electrolyte 0.8 M NaFSI + 0.2 M NaDFOB (EC:PC (1:1, v/v)) in
combination with Na;V,(PO,), (polyanionic compound) cycled
between 2.2 and 4.2 V vs Na*/Na. They focused on explaining
the reaction mechanism and the reasons why NaDFOB forms
stable CEI and SEI layers.[?!] However, additional investigations
are needed to understand the advantages and limits associated
with the simultaneous use of these two salts, especially when
used in combination with P2-NaAFMNO (layered transition
metal oxide) cathode materials operating above 4.0 V, as these
materials are particularly promising for the realization of high
energy SIBs.[2223]

Herein, we report an investigation on the use of three elec-
trolytes, namely 1 M NaFSI in PC, 0.8 M NaFSI + 0.2 m NaD-
FOB in PC and 0.5 M NaFSI + 0.5 m NaDFOB in PC, in
combination with a layered oxide-based cathode material (P2-
Na, ;Al, yFe;;yMn, ;Ni; 4O,). The aim of the proposed formula-
tions was to understand the influence of the addition of NaDFOB
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on the electrochemical and interfacial properties of FSI-based
electrolytes for SIBs. With this aim, we initially investigated the
transport and thermal properties of the three electrolytes, as well
as their ability to prevent the anodic dissolution of Al. Afterward,
their impact on the initial Coulombic efficiency, capacity, capac-
ity retention, and cycling stability of the cathode has been con-
sidered in detail. Finally, we extensively studied the influence of
the electrolyte formulation on the cathode electrolyte interphase
(CEI) and preliminary studies on the gas evolution occurring at
the cathode have been conducted.

2. Results and Discussion

2.1. Chemical-Physical Characterization of the Electrolytes

Figure 2 compares the temperature dependency of conductivity,
viscosity, density and thermal stability of the three investigated
electrolytes. As shown in Figure 2a, the addition of NaDFOB to
1 M NaFSI in PC slightly reduces the conductivity, but overall, the
three investigated electrolytes display a very similar conductivity
throughout the investigated temperature range (—30 to 80 °C).
At 20 °C, the conductivity of 1 M NaFSI in PC, 0.8 M NaFSI +
0.2 M NaDFOB in PC, and 0.5 M NaFSI + 0.5 M NaDFOB in
PC was 5.9, 5.3, and 4.8 mS cm™!, respectively. These values are
comparable to those of other PC-based electrolytes reported in
the literature.l?*) The viscosity of the electrolytes is also very sim-
ilar. Still, in this case, the addition of NaDFOB to the electrolytic
solution slightly increases the viscosity values (see Figure 2b). At
20 °C, 1 M NaFSI in PC, 0.8 M NaFSI + 0.2 m NaDFOB in PC,
and 0.5 M NaFSI + 0.5 M NaDFOB in PC exhibit a viscosity of
5.8, 6.4, and 6.6 mPa s~!, respectively. This behavior is caused
by the fact that the Na* cation exhibits strong interactions with
solvent molecules due to its high charge density. The DFOB~
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Figure 2. a) Conductivity of the investigated electrolytes between —30 and 80 °C; b) viscosity of the investigated electrolytes between —20 and 80 °C;
c) density of the investigated electrolytes between 0 and 80 °C; d) dynamic TGA curve in a temperature range from 30 to 550 °C in nitrogen atmosphere.

anion, which contains both oxalate and difluoro groups, also has
strong coordinating ability. These interactions reduce the free
movement of solvent molecules, effectively increasing the solu-
tion’s viscosity and slowing ion migration. As a result, the ad-
dition of NaDFOB increases the electrolyte’s viscosity while si-
multaneously decreasing its ionic conductivity. The presence of
NaDFOB in the electrolyte decreases also the density of the so-
lution, and at 20 °C, the three electrolytes display a density com-
prised between 1.28 and 1.29 g cm™ as can be seen in Figure 2c.
Figure 2d compares the thermal stability of the investigated elec-
trolytic solutions. The mass retention of 1 M NaFSI in PC lev-
els off at 190 °C, whereas the electrolytes containing NaDFOB
started to lose weight at 180 °C. Interestingly, between 300 and
400 °C, the mass retention of all three electrolytic solutions de-
creased to varying extents. This different behavior is caused by
the different decomposition of the salt and the fact that NaDFOB
is decomposing at a slightly lower temperature than NaFSI (see
Figure S1 of Supporting Information).?>] The isothermal mea-
surements at 60 °C (see Figure S2 in Supporting Information)
confirm that the thermal stability of all electrolytes is well above
the operating standards of SIBs.

As shown in Figure 3, the overall electrochemical stability of
all electrolytes is &5 V vs Na*/Na. It is important to observe, how-
ever, that the 1 M NaFSI in PC electrolyte displays an increase in
current at 4.2 V vs Na*/Na. This increase, which was already ob-
served by Passerini’s group,?! indicated that the FSI anion be-
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comes electrochemically active at this potential. This instability
might cause problems when this electrolyte is used in combina-
tion with a high-voltage cathode. The addition of NaDFOB into
the electrolytic solution leads to two concomitant effects. On one
hand, the anodic stability of the electrolytes increases, deliver-
ing higher oxidation stability, and suggesting it may be a better
choice for high-voltage cathodes. This behavior was also reported
for lithium-based electrolytes.[?’! On the other hand, the appear-
ance of a peak at ca. 1.0 V vs Na*/Na could be associated with the
decomposition of the DFOB anion and the formation of a passi-
vation layer. This behavior has already been reported for lithium-
based systems.[?82%] Taken together, these results suggest that the
addition of NaDFOB appears to improve the overall stability of
the electrolyte, especially in terms of anodic stability.

2.2. Anodic Dissolution of Al Current Collectors

To gain further insight into the influence of NaDFOB on the elec-
trochemical stability, the ability of the three electrolytes to sup-
press anodic dissolution of Al current collectors was investigated.
The process was investigated by applying a constant potential of
4.3 V (vs Na*/Na) to uncoated aluminum disks and measuring
the resulting change in current at a scan rate of 0.5 mV s71,3% in
order to minimize the influence of polarization resistance on the
anodic limit of the electrolyte.l*!]
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Figure 3. Overall electrochemical stability of a) 1T M NaFSl in PC; b) 0.8 m
NaFSI + 0.2 m NaDFOB in PC; and c) 0.5 m NaFSI 4+ 0.5 v NaDFOB in
PC.

As shown in Figure 4 (more details are available in Figures S3
and S4 and S5 of Supporting Information), the 1 M NaFSI in PC
electrolyte shows a pronounced anodic current at 4.3V, indicating
the occurrence of Al dissolution. This behavior is aligns with pre-
viously reported results in the literature.!'*172%321 The addition of
NaDFOB to the electrolyte results in a reduction in the recorded
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Figure 4. Current evolution response from the anodic dissolution tests
performed with the different electrolyte systems.

anodic current. Herein, the correlation between salt concentra-
tion and magnitude of current is inverse. Consequently, increas-
ing concentrations of NaDFOB can minimize the magnitude of
the anodic dissolution process, although the process cannot be
completely suppressed.

The Al corrosion has also been investigated by analyzing the
surface chemistry of ex situ cycled Al current collectors in three
electrolyte formulations by ex situ XPS (Figure 5). The cells were
cycled over 10 cycles at 0.5 mV s7! from 2.3 to 4.3 V, holding
the potential for 3 h at 4.3 V in each cycle. The Al 2p and F
1s regions of pristine and cycled Al current collectors are illus-
trated in Figure 5. The pristine Al current collector exhibits char-
acteristic Al metal and Al,O, peaks.**] In contrast, the cycled
Al current collectors display low-intensity Al metal and Al,O,
signals due to the Al corrosion, forming hydroxides, such as
(Al(OH), and AIO(OH) due to the reactions with water traces in
the electrolyte.3*] Moreover, the Al current collector tested in 1 m
NaFSIin PCand 0.8 M NaFSI + 0.2 M NaDFOB in PC shows alu-
minum fluoride (Al-F) species from the decomposition of NaFSI
and/or NaDFOB salts.*®] The Al current collector tested in 1 M
NaFSI in PC shows a higher concentration of hydroxide and flu-
oride species than the Al current collectors tested in NaDFOB-
containing electrolytes (17.6% vs 9.0% and 3.3%, respectively).
Indeed, the Al current collector tested in 1 m NaFSI in PC does
not display the Al,O, peaks, suggesting the full transformation
of oxide to hydroxide and fluorine-based species due to Al corro-
sion. However, it also shows higher Al metal concentration than
the Al ones tested in the presence of NaDFOB, suggesting that
the formed interphase, in this case, is rather inhomogeneous,
destroying the Al,O, passivation surface and not preventing the
Al corrosion. The Al current collector tested in NaDFOB-based
electrolytes revealed that the Al corrosion formed layer is more
homogeneous, as well as increasing the NaDFOB concentration
leads to a significant reduction in Al corrosion, in agreement with
anodic dissolution tests.

The results discussed above show that the three investigated
electrolytes display promising transport and thermal properties.
Although the presence of NaDFOB reduces the conductivity and

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. XPS spectra of Al 2p and F 1s photoelectron regions of the pristine and cycled Al current collectors in different electrolytes, as well as the

scheme of the formed interface.

increases the viscosity, its addition to the electrolyte improves the
electrochemical stability and suppresses the anodic dissolution of
Al, as also confirmed by the XPS results.

2.3. Electrochemical Performance of P2-AFMNO Cathodes

Figure 6a shows a comparison of the capacity retention displayed
by the P2-AFMNO electrodes in the three electrolytes during
charge-discharge tests carried out at different C-rates (more de-
tails are available in Figure S6 of Supporting Information). The
P2-AFMNO electrodes were cycled between 2.3 and 4.3 V vs
Na/Na*. As shown, during the initial cycles at 0.1 C the P2-
AFMNO electrode cycled in the 1 m NaFSI in PC displays a ca-
pacity of ca. 100 mAh g='. The P2-AFMNO electrodes cycled
in the electrolytes containing NaDFOB display higher capacity,
in the order of 107 and 110 mAh g! for 0.2 M or 0.5 M NaD-
FOB containing electrolytes, respectively. When the C-rate in-
creases, the electrochemical response of the P2-AFMNO elec-
trodes is strongly affected by the electrolyte composition. In fact,
the P2-AFMNO electrode cycled on 1 m NaFSI in PC displays
a rather low-capacity retention, and at 1 C it delivers only 40
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mAh g1, losing 56% respect to the initial capacity. On the other
hand, the P2-AFMNO electrodes cycled on the NaDFOB con-
taining electrolytes displayed much higher capacity retention (ca.
78%), and at 1 C they deliver a capacity of 80 mAh g!. These
higher values are certainly promising, indicating the better rate
capability of the P2-AFMNO cathode electrodes by modifying the
electrolyte. Figure 6b,c shows a comparison of the voltage pro-
file of the electrode at different currents, i.e., 0.1 C and 1 C,
respectively. As shown, the addition of NaDFOB into the elec-
trolytic solution leads to superior cycling performance and im-
proved higher reversibility during charge-discharge tests at 1 C.
It is worth noting that a plateau at high voltage was observed
for P2-AFMNO in all three electrolytes during charge and dis-
charge at low C-rates (e.g. 0.1 C). In these cycles, the obtained
charge and discharge capacity in the three electrolytes differs
mainly by the capacity in the high-voltage region (> 3.8 V vs
Na*/Na). When the C-rate is increased (e.g., 1 C in Figure 6c),
a significant polarization is observed when 1 M NaFSI in PC is
used as electrolyte. With increasing concentration of NaDFOB
the polarization decreases. Both observations suggest the for-
mation of a more effective CEI when NaDFOB is added to the
electrolyte.

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 6. Comparison of a) capacity retention and galvanostatic
charge/discharge voltage profile at 0.1C (b) and 1C (c) of P2-AFMNO elec-
trode in the investigated electrolytes.

These results indicate that although 1 M NaFSI in PC displays
the most favorable transport properties, its use is limited by its in-
stability at high voltage. This instability is also strongly affecting
the cycling stability of the P2-type cathode materials. As shown
in Figure 7a, the P2-AFMNO electrode cycled in 1 M NaFSI in
PC loses nearly all its initial capacity after 100 cycles at 0.5 C.
The P2-AFMNO electrodes cycled in the electrolytes containing
NaDFOB, on the contrary, exhibit excellent capacity retention
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(86% and 91% for 0.2 and 0.5 M containing NaDFOB electrolytes,
respectively). Among them, the P2-AFMNO electrode cycled in
0.5 M NaFSI + 0.5 m NaDFOB in PC displays the highest ini-
tial capacity (95 mAh g=! at 0.5 C) and the best capacity reten-
tion (>90% after 100 cycles). To the best of our knowledge, this
performance is among the highest reported for this type of ca-
thodic material when cycled up to 4.3 V vs Na*/Na.[233¢37] For
instance, Zhang’s group employed P2-NLMNC as the cathode
material and 1 M NaClO, in EC: PC (1:1 vol%) with 5 vol% FEC
as the electrolyte. After 100 cycles, the NLMNC demonstrated a
capacity retention of 82.5%, indicating good cycling stability.!?}]
Figure 7b compares the charge-discharge profiles of the inves-
tigated electrodes at the beginning and the end of the cycling
process. As shown, the electrodes cycled in the electrolytes con-
taining NaDFOB maintain their potential profiles over course
of 100 cycles. The electrode cycled in 1 M NaFSI in PC, on the
other hand, displays a significant decrease in the reversible ca-
pacity. The different behavior of these electrodes is well visible in
Figure S8a,b (Supporting Information), which compare the evo-
lution of the differential capacity of the P2-AFMNO electrodes
during the cycling process (1st vs 100th cycle). In 1 m NaFSI in
PC the position and the delivered differential capacity of the re-
dox/phase transition/s peaks shifted and decreased considerably
after 100 cycles, indicating that in this electrolyte, the P2-AFMNO
material underwent a phase change and significant polarization.
Therefore, the addition of NaDFOB promotes the formation of a
stable CEI layer, reducing continuous electrolyte decomposition
and unwanted side reactions at the electrode surface, thereby en-
hancing cycle life and Coulombic efficiency. The participation of
DFOB™ in surface passivation minimizes metal dissolution and
inhibits dendrite growth. Moreover, the presence of DFOB™ im-
proves the oxidative stability of the electrolyte, enabling superior
performance at high voltages.

2.4. Chemical Composition of the Cathode Electrolyte Interphase
of Cycled P2-AFMNO Electrodes

The chemical composition of the formed CEI onto cycled P2-
AFMNO electrodes in the three investigated electrolytes was ana-
lyzed by XPS. The comparison of C 1s, F 1s, S 2p, and Na 1s spec-
tra after cycling is presented in Figure 8. The C 1s spectra show
similar CEI species, such as C=C (284.4 eV), C-C/C-H (285.0
eV), CH, (286 eV), COC (286.5), NaCO,R (288.5 eV), Na,CO,
and CF, (290 eV) corresponding to the conductive carbon,!?8]
PVDF binder, and reduced species from the PC solvent. How-
ever, they differ in the concentration of these species on the CEI.
Indeed, the P2-AFMNO electrodes tested in NaDFOB-containing
electrolytes display a higher concentration of species appearing
at high binding energies (>288 eV), such as Na,CO, and NaD-
FOB, suggesting a richer inorganic CEI, in agreement with the
previous results.['’] In addition, the C 1s of P2-AFMNO cycled in
1 M NaFSI in PC reveals the presence of carbon-fluorine species,
which are formed due to the decomposition of the PVDF binder,
indicating poor stability of the electrode in this electrolyte. This
might be one of the reasons for the poor capacity retention ob-
served for P2-AFNMO in 1 M NaFSI in PC. The S 2p region has
also been investigated, showing similar sulfur-based species on
the CEI, mainly S-F and SO, Na* species from NaFSI and its
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Figure 7. a) Capacity retention of P2-AFMNO electrodes in the investigated electrolytes during charge—discharge test carried out at 0.5 C; b) Evolution

over the cycling of the charge-discharge profiles.

decomposition product, respectively.*’! In addition, the CEI
formed onto P2-AFMNO tested in NaDFOB-containing elec-
trolytes exhibit an extra peak at lower binding energy, i.e., 167.4
eV, which might be related to sulfite (SO;%7), suggesting once
more the more inorganic-rich CEL.

The F 1s region shows the presence of S-F, B-F, and/or C-
F bonds from NaFSI, NaDFOB, and PVDF, as well as NaF (at
684 eV) decomposition product.*!l The presence of NaF on the
CEI corresponds to the PVDF dehydrofluorination and NaFSI
reduction.*’However, the degradation of NaDFOB could not be
discarded, as suggested by the absence of a B-F bond on the
surface of the P2-AFMNO electrode tested in 0.8 M NaFSI +
0.2 M NaDFOB in PC (see Figure S10, Supporting Information),
also not observed in similar electrolyte composition.[*}] The main
difference is the lower NaF concentration observed in the P2-
AFMNO tested in 0.5 M NaFSI + 0.5 M NaDFOB in PC elec-
trolyte, which might be due to the thicker (the NaF is usually
found closer to the electrode) or more homogeneous CEI (note
that homogeneous outermost layer could cover the inner NaF
layer being less detectable by XPS). The Na 1s is a very surface-
sensitive region, providing the chemistry of the outermost layer.
Considering the Na 1s spectrum of P2-AFMNO in the mentioned
electrolyte shows the presence of NaF, it might be concluded that
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the latter hypothesis is more plausible, suggesting that the CEI
is rather thin but homogeneous, in agreement with the better
electrochemical performance observed for P2-AFMNO in 0.5 M
NaFSI + 0.5 m NaDFOB in PC. Please note that the Na 1s pho-
toelectron is a surface-sensitive region. Therefore, the absence of
the NaF XPS peak in Na 2s sectra for the 1 m NaFSI in PC system
indicates the formation of a thicker layer (NaF formation is usu-
ally observed at higher depths, close to the electrode). Another
possible reason might be related to the formation of insoluble
BOB-Mn(1) species, as reported before,['’] which stabilize the
CELI The surface of P2-AFMNO tested in 0.5 M NaFSI + 0.5 m
NaDFOB in PC electrolyte displays Mn 2p signal; however, the
O 1s region indicates the absence of exposed P2-AFMNO, in con-
trast with the P2-AFMNO tested in 1 M NaFSI in PC, which ex-
hibits the P2 signal, as well as lower Mn content (Figure S11,
Supporting Information). This suggests the formation of a new
Mn-based species in the formed CEI in 0.5 M NaFSI+ 0.5 M NaD-
FOB in PC electrolyte, which likely corresponds to the formation
of insoluble BOB-Mn(II) species, also leading to a better electro-
chemical performance. Regarding the thickness of the CEI, the
three systems show a rather thin CEI. In fact, although the XPS
cannot provide accurate values, it can be estimated from the pho-
toelectron escape length, considering the inelastic mean free path
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Figure 8. XPS spectra of C 1s, S 2p, F 1s, and Na 1s photoelectron regions of the cycled P2-AFMNO cathode electrode in the three investigated elec-

trolytes.

(IMFP) and the photon energy of specific chemical bonds.[**!
Hence, considering the used photon energy and the IMFP of the
C=C bond (95% of the photoelectrons detected originate within
7 nm), it can be concluded that the formed three CEIs are thinner
than 7 nm.

2.5. Differential Electrochemical Mass Spectrometry

Differential electrochemical mass spectrometry (DEMS) studies
were performed to provide information on the gas release and
composition that occurs when the stability limit of the electrolytes
is exceeded. DEMS is a powerful tool to study the onset of elec-
trolyte decomposition and the data can be quantitative, providing
insight not only into the stability limit but also into the decom-
position reactions.

As visible in Figure 9, the comparison of the different
electrolytes shows more initial CO, evolution for the 0.5 M
NaFSI + 0.5 M NaDFOB electrolyte in both measurements than
for their respective measurements with pure NaFSI in PC. While
the initial CO, formation is higher, a faster decay can be observed
for the NaDFOB containing electrolyte. This could be an indica-
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tion that the associated reaction in the case of the mixed elec-
trolyte leads to a stronger CEI formation and ultimately a better
protected electrode. This is consistent with the observation from
the XPS measurements of a carbonate-rich CEI in the case of the
mixed electrolyte. In the case of the pure NaFSI small amounts
of propene are found which are not observed in the mixed elec-
trolyte and the formation of H, is higher. This also indicates a
different path of PC degradation in the absence of NaDFOB.
While differences in the electrolyte decomposition were
confirmed by the DEMS measurements, which support the
other measurements in this work, challenges with the use of
FSI/DFOB anions were also encountered. We encountered spe-
cific problems with the electrolytes tested, as the electrolyte salts
caused pitting corrosion of the steel cell housing on the cath-
ode side (stainless steel 316Ti). This known problem is related
to FSI containing salts,I*! and has recently been studied for a
NaFSI:NaPF, mixed salt electrolyte,!**! showing that stainless
steel is more susceptible to the corrosion than the Al current col-
lector. At the onset of the corrosion plateau in the measurements
with 4.3 V cut-off, the formation of SO, was observed. This is
more pronounced for the pure NaFSI electrolyte. As NaFSI is
the only source of sulfur and NaFSI plays a major role for the
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Figure 9. Operando-DEMS measurements during galvanostatic cycling for different electrolytes, 1 m NaFSI and 0.5 m NaFSI + 0.5M NaDFOB in PC,
for different upper cut-off potentials 4.3 and 3.9 V respectively. Measured in three-electrode configuration. Potentials given for P2-AFMNO working
electrodes (WE) and sodium metal counter electrode (CE) against sodium metal reference and the resulting cell potential (Cell). Although the total
amounts of gas evolution are given for guidance, some measurements are only pseudo-quantitative, detailed information in the supporting information.

steel corrosion the SO, is likely a product of the corrosion reac-
tion. A more detailed discussion on the steel casing corrosion,
the pseudo-quantification of the gases, and other specific aspects
observed for the electrolytes can be found in the supporting in-
formation (see Figure S12, Supporting Information).

3. Conclusion

In this work, we demonstrated that the simultaneous use of
NaFSI and NaDFOB in PC represents an interesting and ef-
fective strategy for the realization of low-fluorinated electrolytes
for SIBs. The investigated electrolytes display good transport
and thermal properties as well as large electrochemical stabili-
ties. Furthermore, when the concentration of NaDFOB is high
enough, they also display the ability to suppress the anodic
dissolution of Al current collector. The use of these dual salt
electrolytes in combination with P2-Na,;Al; oFe, yMn, ;Ni; 40,
cathodes operating 4.3 V vs Na*/Na, results in high specific ca-
pacity and excellent cycling stability (capacity retention higher
than 90% after 100 cycles). To the best of our knowledge, this per-
formance is among the highest reported for this type of cathode
material at 4.3 V vs Na*/Na.[2336371 XPS and DEMS analysis in-
dicated that this high performance is related to the formation of
a thin, homogeneous and inorganic-rich CEI. Considering these
results, the development of low-fluorinated electrolytes based on
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NaFSI and NaDFOB appears as a very promising strategy for the
realization of high-performance SIBs.

4. Experimental Section

Cathode  Material ~ Synthesis and  Electrode  Preparation: P2-
Nay/3Al; 9Feq;oMny 3Ny 9O, (here on named as P2-AFMNO), was
synthesized in the labs following a three-step synthesis route by i) precip-
itation of a spherical double layer hydroxide precursor with a Al: Fe: Mn:
Ni ratio of 1:1:6:1 ii) dry mixing of that precursor with Na,CO; to obtain
a Na: M ratio of 2:3 (with M = Al, Fe, Mn, Ni) and iii) calcination of the
mixture at 950 °C for 10 h in synthetic air (20 vol.% O, in Ar). A detailed
description of the synthesis route and characterization of cathode active
material is provided in the Supporting Information. After calcination, the
obtained cathode active material was directly transferred into a Biichi
glass oven, where it was kept at 200 °C and dynamic vacuum (~ 2 x 1072
Pa) overnight. Subsequent powder handling and electrode preparation
was performed in the same glovebox to avoid any contact with ambient
air.

Cathode composite electrodes were prepared by dispersing the cathode
active material, the conductive agent SuperP-Li (Imerys Graphite & Car-
bon) and the binder polyvinylidene difluoride (PVDF, Solvay Solef P5130)
in the mass ration of 93:3:4 in an appropriate amount of anhydrous N-
methyl-2-pyrrolidone (Sigma—Aldrich). The obtained slurry was casted on
aluminum current collector foils using the doctor blade technique. The
dried electrode sheets were roll-pressed with a lab-calender (Sumeet) at a
speed of 1 m min~', a line pressure of 10 N mm~' and a temperature of
100 °C. From these electrode sheets, electrodes with a diameter of 12 mm
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were punched and subsequently dried in a Biichi glass oven at 80 °C and
dynamic vacuum (1x 107" Pa) overnight. Typical electrodes exhibit an ac-
tive material mass loading of ~23.2 mg cm~2. SEM images of electrodes
as top-view and electrode cross sections are available in Figures S15 and
S16 of Supporting Information. The SEM images of electrodes after elec-
trochemical testing can be found in Figures S17 and S18 (Supporting In-
formation).

Electrolyte Preparation: NaFS| (BLDpharm, 99.97%) and NaDFOB
(Sigma Aldrich, >99%) salts were used as received. The solvent PC
(Sigma-Aldrich, anhydrous, 99.7%) was dried prior to utilization over
molecular sieves (3 A) for 3 days. Electrolytes were prepared inside an
argon filled glovebox (MBraun, H,O <5 ppm, O, < 5 ppm) by adding PC
to the requisite amount of salt(s) and dissolving them using a magnetic
stirrer. The maximum solubility of NaDFOB in propylene carbonate (PC)
is Tm.

Chemical-Physical Characterization: ~ Conductivity: The ionic conductiv-
ity of the electrolytes was determined in a temperature range of —30 to
80 °C by measuring the alternating current resistance (Modulab XM ECS
potentiostat) of a cell with two parallel platinum electrodes and a known
cell constant as described in the literature.[4’]

Density: Density values were measured from 0 to 80 °C by using a DMA
4100M density meter (Anton Paar), whereby 0.5 mL electrolyte sample was
applied.

Viscosity: The viscosity was measured in the Modular Compact rheome-
ter MCR 102 (Anton Paar RheoCompass) from —20 to 80 °C at a shear rate
of 1000 s, whereby 0.35 mL electrolyte sample was applied. The mea-
surements were carried out according to the procedure described in the
literature.[47]

Thermal Stability: Thermogravimetric analysis (TGA) is used to investi-
gate the thermal stability of electrolytes by using a PerkinElmer STA 6000.
The device required a purge under nitrogen for one hour before starting
the measurement. Electrolytes were tested and analyzed under nitrogen
with a gas flow of 30 mL min~' and a gas pressure of 2.5 bar. Thermal
ramp measurements were carried out between 30 and 550 °C, and with a
heating rate of 10 °C min~". Isothermal measurement were performed at
60 °C for 24 h.

Electrochemical ~Characterization:  Electrochemical stability window:
Three-electrode Swagelok-type cells were assembled inside an argon filled
glovebox (MBraun, H,0 < 5 ppm, O, < 5 ppm) using a platinum metal
disc as working electrode, a self-standing oversized activated carbon disk
as counter electrode and sodium metal as reference electrode. In this
test, 150 uL of electrolyte and a glass fiber separator (Whatman GF/D)
were used. Linear sweep voltammetry (LSV) at TmV s™' (£0.1 mA cm™2
current threshold) was applied using a BioLogic VMP-3 potentiostat to
investigate the electrochemical stability window.

Anodic dissolution: The cell set-up consisted in three-electrode
Swagelok-type cells composed of an original aluminum foil as working
electrode, sodium metal as counter electrode and reference electrode. In
this test 300 pL of electrolyte and glass fiber separators (Whatman GF/D)
were used. The cells were scanned for 10 cycles at 0.5 mV s™' (2.3 to 4.3
Vvs Nat/Na) and the potential was held for 3 h at 4.3 V of each cycle.

Galvanostatic cycling: The P2-AFMNO electrodes and the three elec-
trolytes were tested in a half-cell configuration (three electrode Swagelok
cells) by using sodium metal as counter and reference electrodes. Gal-
vanostatic charge/discharge tests were performed between 2.3 and 4.3 V
versus Na*/Na at C-rates of 0.1C, 0.2 C,0.33 C,0.5C, 1C (1 C: 75 mAh
g™1), and five cycles at each current, where 2.3 V equals the OCV of the cell
after assembly and soaking. Stability was performed at 0.5 C between 2.3—
4.3 V versus Nat/Na. All electrochemical tests were performed at room
temperature.

Surface Characterization: The surface chemistry of Al current collec-
tors at 4.3 V versus Na*/Na and cycled P2-Naj, 3Aly gFeq;oMny 3 Niy 50,
cathode electrodes in the three electrolytes were investigated by means
of X-ray photoelectron spectroscopy (XPS). The measurements were con-
ducted at SPECS XPS using a monochromatic Al Ka (hv = 1.487 eV) X-ray
source and a Phoibos 150 XPS spectrometer (Surface concept) equipped
with a microchannel plate and Delay Line Detector (DLD). The Al 2p, F
1s, C 1s, S 2p, Na 1s, and B 1s high-resolution scans were acquired in a
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fixed analyzer transmission mode with an X-ray power source of 200 W (15
kV), a pass energy of 30 eV, and 0.1 eV energy steps. The XPS spectra were
fitted using CasaXPS software, considering a nonlinear Shirley-type back-
ground and 70% Gaussian and 30% Lorentzian line shape.[38] Calibration
of the binding energy was carried out using the C 1s adventitious carbon at
284.8 eV.[38]

Differential Electrochemical Mass Spectrometry: The detailed descrip-
tion of the differential electrochemical mass spectrometry (DEMS) setup
and the data evaluation was published elsewhere.[*®] For the DEMS mea-
surements the same P2-AFMNO cathodes, just with a different wet film
thickness of 230 um and different size of 11.3 cm?, as well as 1.5 mL
of the same electrolytes where used. Whatman GF/A glass microfiber fil-
ters were used as separators, and sodium metal as reference and counter
electrodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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