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Sodium metal is often considered as an anode material to
improve the energy-density of sodium metal batteries (SMB)
respectively sodium ion-based batteries (SIB). However, the
active Na metal anode is a particular challenge. To formulate a
suitable electrolyte has therefore been a key issue to stabilize
sodium metal anodes. Here we report additive strategies by
using the additives sodium difluoro(oxalato) borate (NaDFOB)
or/and fluoroethylene carbonate (FEC) in the baseline electro-
lyte solution of 1 M NaPF6 in ethylene carbonate/propylene
carbonate to overcome these issues. For the SMB with sodium
anode and carbon-coated Na3V2(PO4)3 (NVP) cathode, a stable

cell cycling up to 600 cycles (capacity retention about 96�3%)
was reached by using only 1–2 wt. % NaDFOB, compared to
only less than 75 cycles of the baseline electrolyte. Sodium
plating/stripping tests, voltammetry measurements, impedance
analysis as well as cell tests were performed in order to reveal
the electrochemical characteristics of the electrolytes including
additive effects. The optimal SIB cell performance in cells
containing hard carbon and NVP was achieved by using 2 wt.-%
NaDFOB. NaDFOB electrolyte can be considered as a beneficial
additive for Na metal cell and its application could be also
extended for full SIBs.

Introduction

The ever-growing demands for low-cost, high-energy density
and sustainable energy storage systems require the develop-
ment of post-lithium battery technologies, including sodium
ion-based batteries (SIB) and rechargeable sodium-metal bat-
teries (SMB) due to the natural abundance of Na, the high
theoretical specific capacity (1166 mAhg� 1) and the low redox
potential of � 2.71 V vs. standard hydrogen electrode (SHE).[1]

Their counterpart, namely Li metal batteries, have already been
intensively investigated as a revived anode to achieve high
energy density.[2] However, several challenges in developing a
reliable sodium metal anode should be encountered, such as
dendrite growth, parasitic reactions at the Na anode interface,
and volume change, leading to electrolyte consumption,
irreversible plating-stripping of sodium and thus battery
failure.[1,3]

Forming a desirable solid electrolyte interface (SEI) protec-
tive layer at the Na anode interface plays a crucial role for
stabilizing the Na anode and improving its cyclability. An
effective SEI layer can impede unwanted parasitic electrode
reactions (e.g. electrolyte decomposition), control the dendrite
growth, limit the volume change and favor the fast ion
transport as well as interface reaction kinetics. Additionally, the
SEI layer should not dissolve in the electrolyte and remain
stable over operating voltage and temperature range.[1,3–6]

Normally, the SEI layer on Na metal is formed by two main
processes, namely by (1) chemical passivation and (2) electro-
chemical reactions between the active Na metal interface and
the electrolyte.[2,7,8]

The more reactive nature of sodium metal relative to Li
determines its higher reactivity towards electrolytes.[4,9] The
chemical reaction between sodium metal and electrolyte
already occurs when the sodium metal anode is assembled into
the cells.[10] The observed reactivity of electrolyte (storage over
Na metal) depends severely on the conducting salt and
electrolyte solvent..[10,11] Ponrouch’s group has compared the
interface layers formed on Na, which was immersed in NaPF6-
carbonate mixtures and subsequently electrochemically
polarized.[8] The results of the infrared (IR) spectroscopy
revealed that the formed SEI layer on Na is thicker and there
were detected some differences in the species after polar-
ization, compared to those being there only by chemical
passivation. Similar to those of the Li metal anode, the formed
SEI layer on Na metal anode is strongly dependent on the
electrolyte composition and electrochemical condition,[1,4,9] but
is usually more unstable when formed in conventional
carbonate-based electrolytes[8] than in ether based electrolytes.
The failure of the initially formed SEI layer weakens the long-
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term cyclability of Na anodes, mainly due to the following
reasons:
(1) the nonuniform composition of SEI leads to heterogeneity

of the ionic deposition and the Na metal anode itself
exhibits a larger volumetric change during charge and
discharge, compared to carbon-based anode materials.[4,9]

Consequently, the mechanical stress cause generation of
cracks, which is believed to be the nucleation sites for
dendrite growth.[2,12,13] For Na metal, the dendrite growth
might cause a typical metal electrode failure because of the
subsequent electrolyte depletion and the dendrite’s dis-
solution from the root metal.[13,14]

(2) the characteristics of the SEI itself, i. e. the dissolution of the
SEI is a major concern.[15,16] Breakdown of the (partially)
soluble SEI leads to a continuous re-formation of SEI during
the Na electrode-deposition, which, in turn, worsen the
nonuniformity of the SEI.[4,6,16]

Similarly, the cathode-electrolyte interface layer (CEI) formed
by the oxidative decomposition of the electrolyte on cathode
materials is also facing failure issues regarding to its chemical
and electrochemical stability and/or solubility.[6,17,18] However,
more studies are needed to reveal the relationship between
electrolyte composition, CEI characteristics and cell perform-
ances.

To address these issues, the electrolyte design has been
proven as an effective possibility to tailor a chemically,
mechanically and ion-flux favorable interface layer that enable a
stable and long-term Na battery cyclability. These efforts can be
roughly concluded as following:
* Using improved electrolyte solvents.[19–22]

* Using selected salt anions to tune inorganic components in
the inner SEI part and possibly to affect the thickness and
structure of the SEI formed.[3,10,20–31]

* Adopting super-concentrated electrolytes to boost carrier
density and suppress free solvent molecules leading to
higher voltage stability and elimination of side reactions.[32,33]

* Using various additives, which mainly are inspired by the
efforts for Li-metal batteries.[6,24,27,34]

Fluoroethylene carbonate (FEC) is an effective electrolyte
additive that significantly improves the cycling stability.[6,34] FEC
has a relatively lower LUMO energy compared to other solvents,
so it can be preferentially reduced on the anode and thus
considered as a film-forming additive.[35] For Na metal anodes,
FEC (co-solvent or additives) has shown the ability to suppress
solvent decomposition and improve electrochemical perform-
ance in carbonate-based[36–38] and ether-based[39] electrolytes,
which is mainly attributed to the formation of a robust
inorganic NaF-contaning/-rich SEI that inhibits Na dendrites and
enabled homogeneous Na deposition, and thus improves
cycling performance. Besides, there was reported that lower gas
evolution and no degradation of EC and DMC was monitored in
1 M NaPF6-EC:DMC (1 :1 w/w) electrolyte against Na metal when
3 wt.-% FEC is used.[36] Also, an effective inhibition of self-
discharging of Na//Hard Carbon cells was observed in the
electrolyte 1 M NaPF6-EC:DEC (1 :1) when 10% FEC had been
added, but at the cost of increased polarization voltage.[16]

However, there are also contradictorily negative effects of FEC

on Na metal in certain concentrated electrolyte,[40] which could
be attributed to the formation of a resistive layer composed of
NaF that favors overpotential effects during Na plating/
stripping.

Besides, the above-mentioned oxalate-salt NaDFOB, which
were used as the electrolyte salt in few studies for carbon-based
or Na-metal anodes, has demonstrated an effective improve-
ment in terms of ionic conductivity, rate capability and cycling
performance.[24,27] The use of NaDFOB was mainly inspired by
the positive characteristics of its lithium analogue LiDFOB,
namely the improvement of the SEI layer,[6,41–43] the reduction of
transition metal solubility from the cathode[43–45] and the related
prevention of shuttle transport of transition metal ions to the
anode. Especially for Na metal anodes, the SEI formation
involved NaDFOB was composed of robust inorganic borate-
rich layers, which could preventing the decomposition of
organic solvents,[25] optimize Na dendrite growth and suppress
degradation of the SEI.[26] Also, NaDFOB anions has showed the
ability to form a stable cathode electrolyte interphase (CEI),
when it was used as conducting salt likely polymerized to form
favorable CEI on FeF3-carbon cathode,[28] with NaTFSI together
formed NaxBOyFz species on NVP cathode,[27] as one of additives
enhanced CEI layer on polyanionic NVPF (Na3V2(PO4)2F3)
cathode,[46] or as a source of the conducting salt itself.[47]

Additionally it was shown that NaDFOB is able to suppress Al
corrosion in SIB.[48] However, as NaDFOB has not yet attracted
much attention and little is known about the interaction
between the conducting salt and the NaDFOB additive, there is
a need for further research.

In order to understand the effects caused by these two
additives, we employed them for stabilizing the cyclability of Na
metal batteries; the additive FEC and NaDFOB was used at low
concentration (1-2 wt-%), individually or combinedly, in the
baseline electrolyte 1 M NaPF6 � EC:PC (1 : 1 mol.%) and herein
we tried to compare their positive contributions and detrimen-
tal effects on the chemical stability, sodium deposition of Na
metal anode, and on the cycling stability of SMBs with Na
anode and carbon-coated Na3V2(PO4)3 cathode. Firstly, we
investigated how the reductive behaviors and oxidative stability
were changed when additives were added, which was corre-
lated to the formation and stability of the interface layers on
both electrodes. For Na-plating/results, our study offers strat-
egies by additive engineering.

Materials and Methods
Ethylene carbonate (EC, Huntsman, ultrapure) was used as received.
Propylene carbonate (PC, ACROS, anhydrous 99.7%) and pentane
(Sigma Aldrich, anhydrous, �99%) were dried with 3 Å molecular
sieve and clarified by filtration. Sodium hexafluorophosphate
(NaPF6, Alfa Aesar, >99%) and sodium difluoro(oxalato) borate
(NaDFOB, boron molecular, �95%) were dried under vacuum at
105 °C for 2–3 days. Platinum plates, copper foil (Nippon Foil Mfg.
C., Tokyo, Japan), Aluminum foils (Hohsen Corp. Japan, current
collector quality, firstly cleaned with isopropanol), glass microfiber
separator (Whatman®, GF/B with 0.68 mm thickness) and the
calandered electrodes based on hard carbon (HC, active mass of ca.
300 mAhg� 1, coated on Al current collector, area-specific capacity
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ca. 0.783 mAh cm� 2) and carbon-coated Na3V2(PO4)3/C (NVP or NVP/
C, active mass of ca. 104 mAhg� 1, coated on Al current collector,
area-specific capacity of 1 mAh cm� 2, synthesis process referred
to[49]) were dried at 110 °C under vacuum for 2–3 days. Sodium
electrode slices were prepared from sodium cubes (Sigma Aldrich,
contains mineral oil, 99.9% trace metals basis). The most of mineral
oil on a sodium cube was firstly removed by filter paper.
Subsequently, the surface oxidation layer of the cubes was
removed with stainless steel (SS) knife and the fresh sodium cubes
were divided into slices with possibly similar thickness. The fresh
piece was putted between two non-stick plates of Teflon or SS and
this “sandwich”-type structure was pressed by using a hydraulic
presser or a roller, until the slice was pressed into a desirable size
(about 0.6 mm–0.8 mm). The pressed slices were dipped into the
pentane and dried in the glovebox in order to remove any of the
remaining mineral oil. The preparation of the electrolytes and
sodium foils was conducted in an argon-filled glove box (MBraun
GmbH) with oxygen and water levels below 0.5 ppm.

Electrolyte preparation. The electrolyte 1 M NaPF6 is mixed in
1 :1 mol.% EC:PC as baseline electrolyte mixture. Additionally, two
kinds of additives, namely NaDFOB and FEC, are used in order to
improve the baseline electrolyte. In case of NaDFOB, the main
conducting salt NaPF6 was reduced to keep the 1 M concentration
constant; therefore, 0.1 M and 0.2 M NaDFOB were added accord-
ingly. In this case, 0.1 M NaDFOB equals to 1.2 wt.% of the whole
electrolyte weight. As simply marked in the following text and
graphs, we use “1% NaDFOB”. Secondly, FEC is used to replace
1 mol.% of all solvents, which equals ca. 2.2 wt.% of the whole
electrolyte weight. We use “2% FEC” in the following graphs and
text.

The ionic conductivity of the electrolytes was measured by the
standard complex impedance method, with a Zahner Zennium IM6
electrochemical workstation in the frequency range from 1 kHz to
1 MHz, as described previously in detail[10] and in the supporting
information in brief.

Cyclovoltammograms (CV measurement) or linear sweep voltam-
metry (LSV) were measured with a Zahner XPOT potentiostat
(software: PPSeries, Potentiostat XPot Zahnerelektrik 6.4). The
potential range of an anodic scan was set to 2.3–6.5 V vs. Na/Na+

(below as VNa) with platinum (Pt) as the working electrode. The
reduction scan was conducted between 2.5 V vs. Na/Na+ and 0 V
vs. Na/Na+ with copper (Cu) foil as the working electrode. The cells
were measured in two-electrode configuration (EL-Cells manufac-
tured by EL-Cell GmbH) with sodium metal reference electrode. The
scan speed applied for all CV tests was set to 1 mV s� 1. To perform
the Na-plating test, after 80 full cycles between 0.1–0 V vs. Na/Na+,
the scan potential was applied to � 1 V vs. Na/Na+ to conduct the
sodium deposition on the copper foils. For a long-term cycling, the
impedance measurements were performed on the cells before
cycling, after 2, 10, 50 cycles and after every 100 full cycles.

The chemical reactivity of the electrolytes against Na was studied
in two-electrode Swagelok®-cells with aluminum foils and sodium
electrodes to track the open-circuit voltage changing with time.

For the Na-plating/stripping test in Na j jNa symmetrical cells,
these cells were firstly cycled at selected current densities
(0.05 mAcm� 2 to 4 mAcm� 2) for a certain time, and for every
current density, the cycling was repeated 4 times. After high current
density cycling, the cells were cycled again at lower current (0.5
and 1 mAcm� 2). A longer Na-plating/stripping cycling was done in
those symmetric cells, which were cycled at 0.5 mAcm� 2 for 1 h
(until 0.5 mAh cm� 2) for every cycle, and thereafter, the impedance
tests were performed.

The Na metal half cells (Na j jNVP) were assembled in CR 2032 coin
cell configuration (PI-KEM, Tamworth, U.K) with a digital, pressure-
controlled electric crimper (MSK-160E, MTI corporation) at approx-
imately 0.8 T in an argon-filled glove box according to standard
procedures. The full cells (HC j jNVP) were built from Hohsen cells
(size: 2032). In detail, a hard carbon anode (HC, Ø=16 mm), a NVP
cathode (Ø=16 cm), and a glass fiber separator (Whatman, GF/B:
Ø=17 mm with 160 μL electrolyte in case of half cells or QMA: Ø=

17 mm with 110 μL electrolyte for the full cells) were used inside
the coin cell with one spring and one stainless steel spacer. The
cycle stability of the Na j jNVP cells was evaluated by galvanostatic
cycling measurements between 2.3–3.8 V vs. Na/Na+ at room
temperature (25�1 °C), and the cell cycling started at 0.1–
0.5 mAcm� 2, and then continued at 0.5 mAcm� 2 (charging, des-
odiation from NVP cathode) and 1 mAcm� 2 (discharging, sodiation
into NVP) until the cell fails. The HC j jNVP full using Basytec cell
cycler) and were cycled between 2.3–3.9 V vs. Na/Na+, starting at
0.1 C for 2 cycles respectively, and then continued at mentioned in
the. The materials for full cell are described in detail in reference.[50]

Three electrode cells from EL-Cell GmbH were assembled in an Ar
filled glove box with a NVP foil (Ø=16 cm) as cathode/working
electrode (WE), a Na foil (Ø=15 cm) as anode/counter electrode
(CE), and a stacking of aluminum foils (Ø=1 cm) as reference
electrode (RE) between two glass fiber separator (Whatman, GF/B;
Ø=17 mm, with 320 μL electrolyte). Due to the chemical reactivity
of sodium metal with carbonate electrolyte, aluminum was selected
as reference material. Before the galvanostatic cycling, the three
electrode cells were kept for three minutes in open-circuit status, so
that the stable potential difference between Na and Al electrode
was used to calibrate the initial potential of Al reference electrode.
Based on this calibration potential value and measured potential
difference (between WE and RE, and between CE and RE), the “real”
potential of WE (vs. Na/Na+) and of CE (vs. Na/Na+) was obtained.

Results and Discussion

Electrolytes and Additives

The electrolytes employed in this work are based on the salt
NaPF6 (1 M, or 1 mol/L), which is dissolved in a mixture of two
cyclic carbonates, namely EC and PC. Such a combination of
carbonates has already been described in literature before and
proofed to be a stable and suitable electrolyte mixture for the
study.[10,19,46,50] In order to investigate the electrochemical inter-
face formation and to enhance the cell operating efficiency,
two promising additives, namely FEC and NaDFOB were used in
different ratios, as shown in Table 1. One sample including both
additives was also included to evaluate the synergistic effects.

One of the most important characteristics of the electrolyte
is its ionic conductivity, which is shown in Figure 1. The 1 M
NaPF6 based electrolyte formulations exhibit ionic conductivity
values in the order of 7.0�0.4 mS cm� 1 at T=25 °C. The use of
additives has no significant effect on the ionic conductivity of
the electrolyte, either at room temperature or for the temper-
ature-dependent values between 15 °C and 55 °C. It can be seen
that the temperature-dependent conductivity values increase
by a factor of ~2.4 when the temperature in increase by 40 °C.
There was only a slight decrease in ionic conductivity with
increasing NaDFOB content, while the use of FEC did not
change the value. This is related to the fact that ionic NaDFOB
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salt affects the solvation of Na+ ions and consequently
increases the intermolecular interactions.[27,29] In addition to the
NaPF6-containing electrolytes, an electrolyte containing NaClO4

with an identical electrolyte solvent composition was studied
for its conductivity (6.6�0.3 mS cm� 1 at T=25 °C). It should be
noted that in the case of sodium conducting salts, very similar
conductivity values are obtained regardless of the conducting
salt anion.

Oxidation Stability and Cathodic Characteristics

The electrochemical stability of electrolyte and its electro-
chemical behavior at the interfaces are important criteria for
the selection of suitable electrolytes. Firstly, the stability of the
electrolyte in terms of electrochemical oxidation in a sodium
cell scenario, for example at the high potential applied on the
cathode side, was investigated in Na//Pt cells. Pt was used in
the study to exclude intercalation/insertion of cathode material
and to be consistent with references. As shown in Figure 2, the
electrolyte reveals a stable oxidation resistance voltage up to
5.3 V vs. Na/Na+ (in the following mentioned as “VNa”) with or
without additives, and this stability seems to be determined by

the baseline electrolyte components. The use of NaDFOB (red
and green samples) leads to a large oxidation peak at E=5.5–6
VNa, i. e. related to the possible DFOB� anion reaction. However,
this voltage is outside the range of potentials usually required
for sodium cathode materials. As can be observed from the
inset view, the baseline electrolyte shows a small oxidation
peak at E=3.3 VNa, while the NaDFOB-electrolyte shows a peak
at a lower potential (E=3.1 VNa), which might be related to the
oxidation reaction of NaDFOB. The formation of the cathode
electrode interface (CEI) through oxidation of NaDFOB and its
influence on the cell cycling will be discussed below. The
oxidation reaction peak between E=3.1–3.3 VNa is absent in the
electrolyte sample that contain FEC. Consequently, the absence
of the peak in the FEC/NaDFOB electrolyte could indicate the
oxidation of FEC at lower potentials (E<3 VNa), which causes
further oxidation reactions to be suppressed. Additionally, FEC
can directly influence the molecular structure (e.g. solvation,
SEI) of the salt-solvent system in order to have an impact on
the oxidative stability of the electrolyte and interface layer.[51,52]

Such an effect can influence the oxidation kinetics of NaDFOB,
resulting in the observation of a small peak or not.

The reference electrolyte with NaClO4 as conducting salt[10]

showed a slightly lower oxidative stability, i. e. the new
oxidation peak started from 4.75 VNa, and followed by a larger
peak, which is attributed to the oxidation reaction of the
perchlorate ion.[53] Besides the anodic stability, a cathodic scan
of the electrolyte (E=2.5–0 VNa) was carried out in order to
elucidate interface reactions at cathode side (see Figure SI-1,
supporting information). This clearly shows that different salts
cannot simply be used in a complementary manner, even if
individual measurements (e.g. conductivity) reveal almost no
discrepancies.

As can be seen, when the Cu foil working electrode scanned
cathodically towards E<0 VNa, a series of reduction peaks in
early stage (i. e. in more positive potentials) were observed
mainly in two areas, namely peaks between E=1.25–1 VNa and a

Table 1. The composition of the baseline electrolyte and electrolyte
mixtures with additive used in this work.

sample salt solvent additive

Baseline 1 M NaPF6 EC+PC –

“1% NaDFOB”[a] 0.9 M NaPF6 EC+PC NaDFOB, 0.1 M

“2% NaDFOB”[a] 0.8 M NaPF6 EC+PC NaDFOB, 0.2 M

“2% FEC”[a] 1 M NaPF6 EC+PC FEC, 2 wt.%

“1% NaDFOB+2% FEC”[a] 0.9 M NaPF6 EC+PC NaDFOB, 0.1 M,
FEC, 2 wt.%

[a] The note of percentage is refered to the whole electrolyte weight (To
note the electrolyte simply, the real percentage of additive is simplified:
“1% NaDFOB”=1.2 wt.%, “2% NaDFOB”=2.4 wt.%, “2% FEC”=2.2 wt.%
of the whole electrolyte or 2.26 mol-% of the all solvents).

Figure 1. The ionic conductivity (mScm� 1) of baseline and selected electro-
lyte mixtures with/without FEC or NaDFOB.

Figure 2. The oxidation stability of the selected electrolytes by Cyclo-
voltammetry measurements between 2.3 VNa and 6.5 VNa for Na j jPt cells.
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cascade drop below E<0.75 VNa. It should be noted that the
NaDFOB-containing electrolytes (green and red) have showed a
gentle but broad peaks round E=2 VNa, which indicated the
reductive peaks in this more positive potential range, very likely
related to the reduction reaction of NaDFOB.

To gain further insight into the dielectric properties of the
interface layer and its passivation ability, Na plating experiment
were performed on the SEI pre-formed Cu electrode (Figure 3).
The electrolytes illustrated in Figure 3 have been firstly scanned
on Cu working electrode of the Cu//Na cells for 80 cycles
(between 0.1 and 0 VNa), to facilitate the reduction chemistry on
Cu and thus the interfacial layer formation, and after that, the
electrochemical Na deposition was performed on the surface of
this Cu electrode (by cathodic scanning to E= � 1 VNa). As can

be seen from the figure, a successful Na deposition was
observed below the negative direction of E= � 0.075 VNa and
E= � 0.125 VNa (inset). However, the electrolytes exhibit a differ-
ent plating manner in terms of on-set voltage and deposition
rate. Overall, the behavior with both additives (green line in
Figure 3) is between the two samples with the individual
additives, suggesting that the SEI film formation and its effect
on Na deposition can be generally adjusted through the ratio of
both additives.

We have summarized some available experimental results
and theoretical calculations of the reduction potentials of the
relevant components in the literature on sodium (and lithium)
batteries (Figure 4). The observed broad plateau of NaDFOB-
electrolyte at around 2 VNa is in line with literature reports,[25,28]

indicating that NaDFOB could be preferentially reduced prior
other solvent. This allows the early formation of a more robust
inorganic-involved solid electrolyte interphase (SEI).[54] It can be
seen that the reduction reaction between 1.25–1 VNa can mainly
be attributed to EC. In contrast, the subsequent onset of the
cascade reduction current is due to a mixture of reduction
reactions, including NaPF6, PC and possibly FEC.

The inorganic additive NaDFOB appears to make the formed
SEI film more resistive, due to the fact that the sample needs to
be scanned to a negative voltage to obtain the same plating
current density, which could be related to the more inorganic
boron-containing components formed in the interface
layer.[6,41–43] In contrast, FEC appears to result in an interface
layer formation that is more receptive to electron transfer and
lower dielectric properties, and therefore easily trigger the
reduction of Na ions and deposit nucleation of Na. This
suggests that it is possible to adjust the properties of interfaces
by using both additives.

In addition, a long-term cycling of a cathodic scan between
E=0.1 and E=0 VNa was also conducted in Cu//Na cell in order

Figure 3. The Na metal plating on Cu foil of Na j jCu cells with different
electrolyte mixtures triggered by a cathodic scan from 0.1 to � 1 VNa, directly
after 80 cycles of Cu working electrode being polarized between 0.1 and
0 VNa.

Figure 4. A schematic overview of the reduction potentials (vs. Na reference electrode, as VNa) of the involved solvent, salt and additive molecules in Na
environment by reviewing the published papers. For comparison, the reduction potentials (vs. Li, as VLi) of the solvent molecules, FEC and LiDFOB in Li
environment is also depicted. The annotates of [exp.] and [cal.] indicate the given values obtained by experiments and theoretical calculation. The potential
values noted by [Na-1] to [Na-8] are referred to [55], [56,57], [58], [59], [60], [61], [62], [25,28] and the values by [Li-1] to [Li-6] to [63], [64], [65], [35,51, 66],
[35,66], [35,41,67, 68], respectively.
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to form the interface layer on the Cu working electrode. During
the long-term cycling over 3,000 cycles, the impedance was
measured after every certain cycle (see Figure SI-2, supporting
information). The results show that the impedance varies with
cycles, which indicates that the different additives strongly
influence the formation of the interface. For the baseline
sample, the impedance increases continuously with the cycle
time and it takes about 1,400 cycles until a stable impedance is
achieved, i. e. a stable interface is formed, whereas cells using
the additives achieve stable impedance behavior within only
10–100 cycles.

Plating and Stripping of Sodium Metal

Reversible and stable sodium metal deposition as well as Na
stripping is a crucial requirement for a practical application of
sodium metal anodes. On the one hand, a highly efficient
deposition process is important in reducing irreversible charge
carrier losses; on the other hand, the irreversibly deposited
sodium can induce dendrite growth and continuous electrolyte
depletion, resulting from the electrochemical contact between
the sodium metal and the electrolyte.[1,2,4,69] This process
strongly depends on the interfacial layer and its stability,
especially with respect to fast charge and discharge rates, as
well as at low temperatures.The study of the overpotential of a
symmetrical Na j jNa cell cycled at selected current densities is
shown in Figure 5. The resulting polarization potential of the Na

plating/stripping cycle shows a clear dependence on the cycling
rate, which can be attributed to the limiting factors of ion
conduction and interfacial reaction kinetics within the symmet-
ric cell. The overall trend, i. e. the polarization potential,
increases gradually with increasing cycle currents. For example,
it remains low, i. e. from as low as I=0.1–0.15 mAcm� 2 for
baseline electrolyte up to j=0.2–0.25 mAcm� 2 for NaDFOB,
when current density is applied to the cell at j=0.05–
0.5 mAcm� 2. At higher current density values (j=1–4 mAcm� 2),
the increase in current is not proportional to the increase in
polarized over-potential, i. e. the overpotential increases more
rapidly. For example, for NaDFOB, the potential increases from
200 mV to 250 mV for a current density increase from
0.05 mAcm� 2 to 0.5 mAcm� 2 (10 times), but from 300 mV to
400 mV for a current increase from 1 mAcm� 2 to 2 mAcm� 2

(2 times), at which point the ion diffusion behavior in the
electrolyte seems to become the limiting factor (see Figure 1).
This could also be directly related to the rate-capability of the
sodium-metal anode cell, as shown below.

For the different additives, it can be concluded that the
additive-free and FEC samples show a relatively lower over-
potential, regardless of the rate at which they are cycled, while
the potential of NaDFOB based electrolytes is relatively high,
which correlates with the higher electric resistance of the
formed interfacial layer at Na electrode side, a fact that is
supported by the more negative plating voltage in the previous
Na//Cu cell (Figure 4). Overall, the results for the samples with

Figure 5. The Na plating/stripping cycling at various current densities in a Na j jNa-symmetric cell with the electrolyte mixtures. The current densities and the
duration for each half cycle was marked on graph.
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both additives were essentially between the results with one
additive alone.

Several aspects are also worth mentioning. First, after
cycling at a higher current rates (between 1 and 4 mAcm� 2),
the symmetric cells show a clear overvoltage drop and
stabilization (independent of the additives) as soon as they
return to the lower deposition rate (e.g. 0.5 mAcm� 2) (see
enlarged grey view at the top of Figure 5). An additional feature
is observed with NaDFOB: After Na deposition at a high current
rate, the plot appears “smoother”, i. e. the potential peak that
occurred before becomes flatter. This type of peak is related to
the charge barrier caused by the interface, more precisely to
the properties of the interface such as morphology, thickness,
etc.[70] The disappearance of the peak can therefore be
attributed to the fact that the high speed of the deposition/
dissolution process led to a reconfiguration of the interface
with NaDFOB, resulting in a more homogeneous (in terms of
electrical potential) Na deposition/dissolution. In addition, the
results of the subsequent long-term cycles (Figure 5, below)
confirm that this “smoothing effect” occurs not only at high
current rate, but also after a higher number of cycles.

It is also remarkable when looking at the cells cycled at a
current rate of j=1 mAcm� 2 between t=51.5–61.5 h (enlarged
inset in the top right of Figure 5) that the overvoltage profile
shows an opposite trend during cycling: the overvoltage of the
electrolyte without additives slowly increases significantly, while
the overvoltage decreases and becomes almost stable in the
case of the additive NaDFOB, and remains almost unchanged in
the case of FEC. In contrast, the overpotential of the base
electrolyte was not significantly destabilized in the previous
cycles at the corresponding current rate of j=1 mAcm� 2 (at t=

32–36 h), which is probably related to its greater sensitivity to
the higher current rate respectively to the plating/stripping; in
contrast, NaDFOB showed a dynamic stabilizing effect on the
Na-metal interface. These properties need to be comparatively
investigated by long deposition cycles (see supporting informa-
tion, section 3, Figure SI-3, including remarks) which reveal that
the usage of FEC indeed tune the interface layer properties,
affecting the Na deposition.

The EIS results obviously suggest that the magnitude and
changes in interfacial impedance are highly correlated with the
plating-stripping stability, and that the additives has a positive
role in modulating the interface and therefore influencing metal
deposition. The same characteristic can be seen even more
clearly at higher current rates (j=1 mAcm� 2, see Figure SI-4,
supporting information), which also confirm that only the
electrolyte sample mixed with both additives exhibits almost
stable response over a time period of t=300 h, i. e. a stable
overvoltage of approximately E=0.5 VNa.

Chemical vs. Electrochemical Na-Passivation

For active lithium and sodium electrodes, the mostly engaged
electrolytes are not strictly chemically inert, but the chemical
passivation on the alkali metal surface (which can also be
considered as pre-formed interface) and the effectiveness of

this passivation process in preventing further side reactions are
essential for stable battery cycling. A possibility to clarify the
chemical or electrochemical reactivity is to carry out open-
circuit voltage (OCV) measurements.

The results (see supporting information, Figure SI-5) illus-
trate the change in Na electrode potential (difference) in the
open circuit state because of the interfacial chemistry reaction
of Na with electrolyte in a newly assembled Na j jAl cell.
Additionally, EIS measurements are recorded to compare the
characteristics of the interfacial layer. Based on the measure-
ment it can be concluded that the interfacial reaction at the
sodium-metal electrode exhibits three main stages, namely an
initial very short period of interfacial passivation with a rapid
rise in voltage, followed by a maximum (a period of stabiliza-
tion), and voltage plateau. After a relatively stable period of
approx. 500 h, changes can be seen in the different mixtures.
For example, the potential difference decreases sharply again in
the case of the base electrolyte, whereas it increases with the
pure NaDFOB electrolyte and remains almost constant with the
FEC-mixed electrolytes. Although the interfacial chemistry
cannot be identified exactly, these results are closely related to
the destruction of the interfacial layer (such as by dissolution),
or possibly the occurrence of a new reaction to create a more
stable interface layer. EIS measurements (Figure SI-5) reveal that
the baseline electrolyte produces a higher resistance interfacial
layer due to the breakdown of the primary interface and
consequently side reactions, while the resistance of the inter-
face formed in NaDFOB electrolyte can be attributed to the
thickening of the interface. Two impedance semicircles of
differing size can be observed in FEC samples, indicating that
the interface involved in FEC exhibits less dense surface films
(smaller first semicircle, i. e. the SEI resistance). However, given
the ionic conductive nature of the interfacial layer, electrolyte
with both additives shows lower resistance (bigger second
semicircle of FEC, i. e. charge transfer resistance), beneficial for
ion diffuse through interface layer. After disabling the coin cells
(Figure SI-5) the surface of the sodium metal remains almost
clear for FEC based electrolyte and slightly grayish for the other
electrolytes. Additionally, the yellowish separator in case of
baseline electrolyte confirms that passivation without additives
is not consistently effective in preventing electrolyte side
reactions.

The effectiveness of the electrochemically passivated inter-
face on the electrode in preventing electrolyte side reactions is
compared in Figure 6a which shows the cycling stability results
of the cellsthat have undergone electrochemical charging and
discharging after a different “rest” (open-circuit condition)
periods. It is obvious that the baseline electrolyte already
exhibits a drop in the cell discharge capacity before the first
break, and subsequently after 7 months of pausing, only a small
amount of capacity was regained indicating a rapid battery
failure. This is likely to be related to the damage to the interface
that had been built up before cell rest, and hence the loss of
passivation ability and consequently electrolyte side reactions.

In contrast, NaDFOB and FEC containing cells still operate
quite stable after the first break. After another 2 months of cell
rest storage, both electrolytes still performed excellently, except
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that FEC gradually lost its capability. NaDFOB, in contrast, again
experienced a short battery rest before battery failure occurred.
This indicates that FEC and NaDFOB (superior) as electrolyte
additives clearly improve the effectiveness of the electro-
chemical interface on the susceptible Na anode for passivation
in the electrolyte and can maintain the capacity even after long
periods of open circuit storage.

Cell Cycling and Cell Performance in Half Cell Tests Against
Sodium Metal

In this chapter, the test results of coin cells with sodium metal
anodes are presented. As can be seen from the cycle results of
Na j jNVP coin cells (Figure 6b), the use of additives significantly
increased the cycle life of the cells compared to the baseline
electrolyte. In particular, a 1–2% NaDFOB as additive resulted in
stable cell cycling up to 600 cycles. For the FEC, the observed
improvement in battery performance is highly dependent on
the amount of additive used, and small amounts (1–2%) seem
to make a limited positive contribution, meaning that the right
amount can achieve very good results. Additionally, this
supports the hypothesis that FEC is continuously consumed
during cycling. The use of both additives also benefits the
stability of the battery cycling.

It should be noted that the charge and discharge curves
provided in Figure 6b show the potential difference between
two electrodes and do not give a sufficient insight into the

details of the electrochemical processes inside each electrode
and its interface. For this purpose, the cycling of three-electrode
cells can be used to understand both main electrochemical
processes, namely the deposition and stripping of Na at the Na
negative electrode (ECE =E(counter electrode); see supporting informa-
tion, Figure SI-6–SI-9) and the simultaneous insertion and
removal of Na+ ions from the NVP positive electrode (EWE =

E(working electrode); Figure 7). For the charge/discharge profiles of the
cathode material NVP (EWE), a voltage hysteresis is well
observed, which can be related to differences in the kinetic
factors of the Na+ ions in the charge and discharge process.
That means that the diffusion process of the sodium ions
embedding in the NVP material during the discharge process is
slower than the ionic removal during the charging process.[71]

As the same electrodes were always used in this work, this
hysteresis can be related to the formed cathode interface layer
(CEI) causing ion diffusion resistance and its effect on the
kinetic differences during the charging/discharging processes.
In other words, the interphasial energy barrier for ion transfer
plays a critical role in the voltage hystersis, similar to which has
been discussed in relation to the interfacial resistance through
the SEI film at the graphite anode.[72] For the baseline electro-
lyte, the voltage hysteresis is minimal at the beginning of the
cycling (ΔE=18 mV in the 5th cycle). However, the hysteresis
voltage of the cells with baseline electrolyte increases signifi-
cantly with cycling (ΔE=231 mV in the 50th cycle).

For the NaDFOB electrolyte, the voltage hysteresis is much
higher at the beginning of the cycling (factor of 11 compared

Figure 6. a) The discharging capacity in the galvanostatic cell cycling of the sodium anode cells (Na j jNVP) with 3 times cell “rest” where the cell cycling being
stopped at the end of discharging to 2.3 V and then being storaged at 25 °C under insulated conditions for different duration (Exceptionally, the 15-day rest is
due to a technical fault on cycler). 6b) The discharging capacity (discharging: 1 C and charging: 0.5 C) in the galvanostatic cell cycling (2.3 and 3.9 V) of the
sodium anode cells (Na j jNVP) with electrolyte mixtures. The interupt of the cell cycling at 520st. cycle is due to the technical error (power breakdown), and
after short shutdown, the cells were renewly cycled.
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to the baseline electrolyte), which gives strong evidence for the
formation of a resistant interfacial layer CEI that significantly
hinders ion diffusion, which also corresponds to the new
oxidation peak in the CV-measurements results (Figure 2).
However, it is worth mentioning that this voltage hysteresis
decreases with cycling corresponds to the results of the
symmetric cell where also a decrease of the overpotential with
cycling is observed. Although the FEC electrolyte has a smaller
voltage hysteresis compared to the NaDFOB-containing electro-
lyte, indicating the less interfacial resistance, the hysteresis rises
more significantly (50th cycle vs. 5th cycle). Such behavior
revealed that the interface layer continuously changes under
oxidative conditions and the cathode raises the barrier to ion
diffusion, indicating that the interface formed by the FEC is less
stable regarding to dielectric or electrochemically inertness.
Interestingly, the NaDFOB electrolyte showed even decreased
the voltage hysteresis (red) and unchanged value (green), which
all revealed the interfacial stabilizing/stabilization at the cath-
ode side.[28,46]

For the Na redox process (ECE profiles, Figure SI-6,7,8,9) at
the Na metal electrode, it can be seen that the use of the
additives changes the potential profile of Na stripping. The
NaDFOB containing electrolyte exhibits a higher stripping value
(the more negative potential), which is associated with the
formation of an interfacial layer with higher dielectric proper-
ties, and which is also consistent with the higher overpotential
results in the symmetric cell tests (see Figure 5). The minor
change in the stripping potential after a few tens of cycles is

usually coupled with a small change on the discharge plateau
in the EWE-CE curve (i. e. the actual charge/discharge operation
curve of the Na anode cell, Figure SI-6,7,8,9).

Further, when comparing this cell result (Figure 6b, 7) with
the symmetric cell (Figure 5), it can be seen that NaDFOB
containing electrolyte exhibits not the best results, despite its
improved reversible Na-plating/stripping cycling behavior, but
showed a much better performance when the cathode material
NVP was involved (instead of symmetrical cells). Thus, the
interaction of NaDFOB respectively DFOB� -anions with the
cathode oxide materials plays a particularly important role in
the cell cycling, as demonstrated by the voltage hysteresis
results above.

Cell Cycling in HC j jNVP Full-Cell Tests

The cycling capability of both additive electrolytes is inves-
tigated in coin cell configuration with hard-carbon (HC)
negative electrode (Figure 8) as it is known that especially FEC
worsen the cell performance in full cell configuration.[73] Differ-
ent to the sodium metal anode cell, the baseline electrolyte
(Figure 8a) exhibits a stable cell cycle capability when hard
carbon electrodes are used (capacity retention of 98.5% within
500 cycles, calculation based on the 0.1 C step at the beginning
and at the end). The NaDFOB containing electrolyte also
remained generally stable, although with a slightly lower
capacity retention of 92.8% (500 cycles, 0.1 C step as explained
before).

The use of FEC, however, resulted in a more pronounced
capacity fading within cycles (85.1%, 500 cycles, 0.1 C step). In
contrast, it seems to be contradictory that a more stable Na
anode cell cycling could be enabled by FEC-electrolyte. The
reason for the earlier capacity decline may be ascribed not
(only) to NVP, but rather to the interaction of FEC with hard
carbon anode, because FEC showed excellent effect on Na, and
long-term cyclable Na//NVP cells, but faster capacity fading
when HC anodes are used.

Figure 7. The charging-discharging potential profiles of the three-electrode
cells with NVP as working electrode (WE), Na as counter electrode (CE) and
Aluminum as reference electrode (CE) for the electroyte mixtures (7a:
baseline, 7b–7d) electrolytes with NaDFOB, FEC and two additives,
respectively). The potential profiles of the working electrode (EWE vs. VNa)
showed here are selected at the 5th and 50th cycles at approximately
1.018 mAcm� 2 (~1 C, referred to nominal discharge capacity of the 16 mm
NVP/C cathode: 2.03 mA).

Figure 8. Long term cycling of HC j jNVP cells at 1 C (CCCV, C/15) charge and
1.5 C discharge (CC only) with C/10 at beginning and end of cycling after
500 cycles.
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According to the similar result reported before,[73] the
increase of the overpotential between charge and discharge on
HC against Na metal, due to SEI formation involved by FEC,
might be a detrimental effect to the reversible capacity during
cell cycling, since the full access of the low potential plateau at
HC electrodes (ca. 0.1 V vs. VNa) might be hindered. However,
this effect of FEC on the electrochemical performance of cells is
also strongly dependent of the salt used, owing to special
contributions of different main components of SEI layer formed
by using different salt, although the added FEC could enhance
the formation of NaF in SEI.[74] In addition, the dQ/dV profiles
(Figure SI-10, supporting information) of the low-rate charge/
discharge curves reveal how the additives affect the intercala-
tion platform of sodium ions at the electrodes and the
electrolyte reactions in the full cell. It can be seen that after
10 cycles, the peaks at E=3.3-3.4 V remain, attributed to the
storage process of sodium ions in the positive and negative
materials, while the additional peaks at E=2.3 V and E=2.5-
2.7 V showed at first cycle, corresponding to the electro-
chemical interfacial reactions of the electrolyte.

These results demonstrate that the appropriate choice of
additive for the electrode used plays a key role in tailoring the
interface properties and resulting cell aging.

Conclusions

The study revealed that the two additives FEC and NaDFOB
significantly improve Na-ion cell aging and the stabilization of
the Na surface in Na half cells when used together with the
carbonate-based electrolyte system EC+PC+1 M NaPF6. The
cell storage tests, plating/stripping tests and impedance
measurements indicated that the additives enable efficient
formation of the interfacial layer. In particular, electrolytes
containing NaDFOB exhibit a more positive reduction potential
prior than other solvents, which benefits to form a robust SEI
layer. At the same time, the symmetrical Na//Na cells show
evidence of oxidative decomposition of the NaDFOB-containing
electrolyte mixtures. The results of the full-cell tests also show
that NaDFOB appears to be a very promising standard additive,
as it does not impair the performance in the case of full cells
(HC//NVP) like FEC, but at the same time significantly improves
the half-cell tests. This is not the case with FEC, as the half cells
are stabilized, but the full cells degrade significantly more
strongly. It could be shown that even very small amounts of
additives are highly effective and contribute to an improvement
of the dynamic formation and stabilization processes at the
interfaces. The tests of the three-electrode cell reliably indicated
the significant changes in cathode potential during charging
and discharging. It should be specifically pointed out that not
only the sodium deposition process at the Na-metal anode but
also the effect of additives on the electrochemical results of the
cathode during cycling must be considered to improve the
cycling performance of stable SIBs.
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