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Abstract: Sodium-metal batteries (SMBs) are considered
a potential alternative to high-energy lithium-metal
batteries (LMBs). However, the high reactivity of
metallic sodium towards common liquid organic electro-
lytes renders such battery technology particularly chal-
lenging. Herein, we propose a multi-block single-ion
conducting polymer electrolyte (SIPE) doped with
ethylene carbonate as suitable electrolyte system for
SMBs. This novel SIPE provides a very high ionic
conductivity (2.6 mScm� 1) and an electrochemical stabil-
ity window of about 4.1 V at 40 °C, enabling stable
sodium stripping and plating and excellent rate capa-
bility of Na j jNa3V2(PO4)3 cells up to 2 C. Remarkably,
such cells provide a capacity retention of about 85%
after 1,000 cycles at 0.2 C thanks to the very high
Coulombic efficiency (99.9%), resulting from an ex-
cellent interfacial stability towards sodium metal and the
Na3V2(PO4)3 cathode.

Low-cost and high-efficiency energy storage devices are
considered key for the successful transition to renewable
energy sources.[1] Over the past decades, lithium-based
batteries have dominated the electrochemical energy storage
market and are nowadays widely applied in portable
electronics, (hybrid) electric vehicles, and also stationary
storage systems.[2] However, this exceptional success also
raised concerns about the availability of the elements and
compounds required with regard to the essentially exponen-
tial rise in lithium battery sales, including lithium.[3] There-
fore, batteries based on sodium cations as the charge carrier

have attracted an increasing awareness, which very recently
resulted in the announcement of several companies around
the globe to commercialize sodium-ion batteries.[4] Among
the key advantages of sodium batteries compared to lithium
batteries are the almost unlimited abundance of sodium and
its very homogeneous distribution around the world as well
as the use of aluminum as current collector for both the
electrodes.[3b,f,5] Their energy density, however, is signifi-
cantly lower than that of lithium-ion batteries.[6] One
possibility to address this issue might be the use of metallic
sodium at the negative electrode, offering a high theoretical
specific capacity of 1,165 mAhg� 1 along with a low redox
potential of � 2.71 V vs. the standard hydrogen electrode.[7]

Nevertheless, sodium-metal electrodes (similar to lithium-
metal electrodes) suffer from the risk of dendritic sodium
deposition and high reactivity with the conventional organic
liquid electrolytes, which leads to continuous capacity loss
and a relatively low Coulombic efficiency (CE).[8] The risk
of dendrite formation is particularly pronounced at elevated
currents approaching or even exceeding the limiting current
density owing to the depletion of sodium cations at the
negative electrode surface.[9] Once the dendrites have
penetrated the separator and reached the opposite positive
electrode, the resulting short circuit leads to severe safety
issues.[10] One approach to overcome this issue relies on the
design of single-ion conducting electrolytes with a sodium
transference number (tNa+) of (close to) unity, for which the
Sand’s time is theoretically approaching infinity.[9c,11] This
can be realized in polymers, for instance, by covalently
tethering the anionic group to the polymer backbone,
leaving only the cation for the effective charge transport in
the electrolyte.[12] Achieving sufficiently high ionic conduc-
tivity (>0.1 mScm� 2), though, is a great challenge in this
case.[13]

Following our work on single-ion conducting polymer
electrolytes (SIPEs) for lithium batteries,[14] we report herein
a sodium SIPE doped with ethylene carbonate (EC) that
shows a very high ionic conductivity and suitable electro-
chemical stability window. This SIPE enables the realization
of Na j jNa3V2(PO4)3 (NVP) cells providing very good rate
capability and excellent cycling stability for 1,000 cycles.

The molecular structure of the multi-block copolymer
sodium SIPE is given in Figure 1a. The synthesis is described
in detail in the Supporting Information and involves
essentially three steps, i.e., the synthesis of the polymer
backbone (Figure S1), its bromination (Figure S2), and the
attachment of the ionic side chains (Figure S3). The eventual
structure comprises weakly coordinating anionic side chains
in the ionophilic block, enabling a facile dissociation of the
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sodium cations, and rigid, nonpolar ionophobic blocks that
are non-miscible with the ionophilic blocks, ensuring suit-
able mechanical properties and, thus, allowing for the
realization of free-standing polymer membranes. The charge
transport is further supported by the incorporation of small
molecules with a high dielectric constant that can coordinate
the sodium cations and by this lower the activation energy
for the jump from one anionic site to another. Via solvent
casting, transparent, uniform, and self-standing membranes

with a thickness of around 80 μm were obtained (Figure 1b).
These membranes were doped with 65 wt.% EC, which
resulted in a significant increase in thickness by about 200%
(Figure 1b). The EC content was confirmed by thermogravi-
metric analysis (TGA), as depicted in Figure 2a (see also
Figure S4 for pure EC as reference), revealing the EC
evaporation prior to the thermal decomposition of the
ionomer at about 400 °C. Figure 2b displays the differential
scanning calorimetry (DSC) data. The DSC trace shows one

Figure 1. (a) Chemical structure of the sodium ionomer. (b) Photographs of the EC-free and EC-doped ionomer membranes with an indication of
their thickness.

Figure 2. (a) TGA data recorded for the dry ionomer (dashed line) and the EC-doped membranes (solid line) with an indication of the EC content.
(b) DSC thermogram recorded for the EC-doped ionomer membrane with an indication of the melting point of EC and the Tg (see also a
magnification of the indicated region as inset; sweep rate: 5 °Cmin� 1). (c) Temperature-dependent ionic conductivity of the EC-doped ionomer. (d)
LSV plot for the determination of the electrochemical stability with the cathodic sweep in black and the anodic sweep in red (sweep rate: 1 mVs� 1;
temperature: 40 °C).
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sharp endothermic peak at around 33 °C resulting from the
melting of EC and a glass transition temperature (Tg) well
below � 20 °C, demonstrating good comparability with the Tg

of earlier reported ionomers applied in LMBs.[14] The ionic
conductivity as a function of temperature is shown in
Figure 2c. Above 20 °C where the ionic conductivity is
hampered by (partially) crystallized EC,[14a] it jumps to
>1 mScm� 1. At 40 and 80 °C, for instance, the conductivity
is as high as 2.6 and 5.5 mScm� 1, respectively, which is
comparable to conventional liquid electrolytes - not least
with respect to the substantially lower Na+ transference
number of such liquid systems.[15] Similarly, a very high
limiting current density of 5.2 mAcm� 2 was recorded at
40 °C (Figure S5), which is well above the lithium analogues
of such SIPEs.[14,16] The electrochemical stability of the EC-
doped SIPE was evaluated via linear sweep voltammetry at

40 °C (Figure 2d). Towards reduction, only a very low
current below 0.8 V was observed, presumably resulting
from the decomposition of EC at the interface with the
sodium-metal electrode.[17] Towards oxidation, the current
remains essentially zero before sharply increasing beyond
4 V. If we consider an evolving current of 25 μAcm� 2 as the
threshold, an anodic stability of 4.1 V vs. Na+/Na was found,
which appears sufficiently wide for the combination with,
e.g., NVP as a well-known sodium battery cathode material
with a desodiation potential of about 3.4 V.[18]

In a first step, though, we evaluated the stability towards
sodium-metal electrodes upon stripping and plating in
symmetric Na j jNa cells (Figure 3). The test with varying
current densities ranging from 5 to 50 μAcm� 2 is depicted in
Figure 3a along with a magnification of selected stripping/
plating cycles for all current densities in Figure 3b. Gen-

Figure 3. (a) Galvanostatic stripping and plating experiments conducted in symmetric Na j jNa cells comprising the EC-doped ionomer as
electrolyte at varying current densities at 40 °C. (b) Magnification of selected stripping/plating cycles at the different current densities. (c)
Electrochemical impedance spectra recorded for symmetric Na j jNa cells upon stripping and plating at a current density of 50 μAcm� 2 at 40 °C;
impedance spectra were recorded each 10 stripping/plating cycles, i.e., 1st refers to 10 stripping/plating cycles, 3rd to 30 stripping/plating cycles
etc.; for clarity reasons only each 2nd measurement is presented. (d) Determination of tNa+ via CA with the corresponding impedance spectra
recorded before and after the CA experiment as inset along with the equivalent circuit used for the analysis.
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erally, the overpotential remains rather stable independent
of the applied current density, after an initial slight decrease
in overpotential. This initial decrease appears to be related
to an initial decrease in interfacial resistance, as revealed by
an additional constant current stripping/plating experiment
at 50 μAcm� 2 accompanied by continuous electrochemical
impedance spectroscopy measurements each 10 stripping
and plating cycles (Figure 3c). The interfacial impedance
(Ri) first increases slightly from the 1st to the 3rd EIS
measurement, before it continuously decreases upon further
stripping and plating and eventually stabilizes after about
190 cycles at about 7,300 Ω along with a decrease and
stabilization in overpotential (Figure S6). This stabilization
indicates the formation of a stable interface (and presum-
ably interphase) between the SIPE and the metallic sodium
electrodes. The relatively high Ri can be attributed to the
rather resistive interphase on the pristine sodium metal
resulting from the processing of bulk sodium metal into foils
as well as an interfacial contribution resulting from a
spontaneous reaction between the EC-doped SIPE and the
sodium-metal electrodes. This resistive interphase hinders
the Na+ ion transport across the interface, as also reflected
by the generally rather high overpotential of up to about
0.2 V at 50 μAcm� 2, as also reported earlier for other

sodium polymer electrolytes (Table S1). Nonetheless, the
voltage response of the stripping/plating cycles remains very
flat at each current density, as expected for a single-ion
conducting electrolyte system. The single-ion conductivity
was further confirmed by the determination of the cationic
transference number according to the method reported by
Bruce, Vincent and Evans,[19] revealing a value of 0.96
(Figure 3d), which is very close to unity. In fact, the current
remains highly stable for 5,000 s and the impedance before
and after polarization are very well overlapping, further
indicating the formation of a stable electrode jelectrolyte
interface. Finally, we evaluated the performance of this
SIPE in SMB configuration with NVP cathodes, i.e., in Na j
SIPE jNVP cells (Figure 4). With regard to the ionic
conductivity, the testing was conducted at 40 °C in order to
ensure a high ionic conductivity of the SIPE in such cells.
The active material mass loading was about 2.8�
0.1 mgcm� 2, and a C rate of 1 C corresponds to a specific
current of 120 mAg� 1 and a current density of
0.336 mAcm� 2. Remarkably, the cells showed high specific
capacities of 107 and 104 mAhg� 1 at 0.1 C and 1 C,
respectively (Figure 4a). Even at 2 C, the cells still provided
a very high reversible capacity of 100 mAhg� 1, which
corresponds to about 94% of the initial capacity at 0.05 C,

Figure 4. (a) Galvanostatic cycling of Na j jNVP cells comprising the EC-doped ionomer as electrolyte at varying C rates (cut-off voltages: 2.5 and
3.9 V; temperature: 40 °C). (b) Selected dis-/charge profiles for the different C rates. (c) Constant current cycling of Na j jNVP cells at 0.2 C
(temperature: 40 °C). (d) Selected dis-/charge profiles of the 100th, 300th, 500th, and 1000th cycle.
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indicating an excellent rate capability of such cells. When
the dis-/charge rate was decreased back to 0.3 C, a specific
capacity of 106 mAhg� 1 was obtained, i.e., exactly the same
capacity as prior to the application of the elevated dis-/
charge rates. The corresponding dis-/charge profiles for the
different C rates are presented in Figure 4b, and it can be
seen that the polarization is generally very low and increases
only slightly when increasing the dis-/charge rate from
0.05 C to 2 C, i.e., by a factor of 40. Additionally, we
evaluated the long-term cycling stability of these Na jSIPE j
NVP cells by subjecting them to 1,000 cycles at 0.2 C
(Figure 4c). The cells displayed a very stable cycling with
only minor capacity fading, resulting in a capacity retention
of 84.7% after 1,000 cycles (i.e., 91 mAhg� 1 compared to the
initial reversible specific capacity of 107 mAhg� 1). This
stable cycling is not least the result of the exceptional
average Coulombic efficiency of 99.9%, which is a remark-
ably high value for sodium-metal cells. The comparison of
selected dis-/charge profiles, depicted in Figure 4d, reveals
that there is no apparent increase in polarization upon
cycling. Instead, the voltage plateau gets shorter and the
region beyond the plateau gets more sloped, indicating
presumably a degradation of the active material - potentially
at the outer surface, thus, rendering the de-/sodiation
process more sluggish. Nonetheless, the results show that
such SIPE is a promising candidate for long-term stable,
high-performance SMBs.

In summary, a new sodium SIPE doped with ethylene
carbonate has been synthesized and studied as electrolyte
for sodium-metal batteries. The self-standing SIPE mem-
branes are characterized by a high ionic conductivity of
2.6 mScm� 1 at 40 °C, a cationic transference number of
essentially unity, and an electrochemical stability window of
>4 V. Benefitting from a very stable interface with sodium
metal and an average Coulombic efficiency of 99.9%, Na j
SIPE jNVP cells showed a capacity retention of about 85%
after 1,000 cycles at 0.2 C and excellent rate capability with
still 100 mAhg� 1 at 2 C. The results show that polymer
electrolytes are not only a suitable alternative to liquid
electrolytes for lithium-metal batteries, but also for sodium-
metal batteries.

Supporting Information

Experimental details and synthesis procedures, including 1H
and 19F NMR spectra of the ionomer and its intermediates;
TGA data recorded for pure EC as reference; determination
of the limiting current density for the EC-doped ionomer
membranes at 40 °C.
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Single-Ion Conducting Polymer Electrolyte
for Superior Sodium-Metal Batteries

A new sodium single-ion conducting
polymer electrolyte (SIPE) enables high
rate capability and stable cycling of
NajjNa3V2(PO4)3 (NVP) cells with an
average Coulombic efficiency of 99.9%
and a capacity retention of more than
84% after 1,000 cycles.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, e202308699 © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202308699 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [29/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


