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Sodium ion batteries are recognized as attractive energy-storage 
devices for next-generation large-scale applications due to the 
high abundance and wide distribution of sodium resources.1,2 

In addition, benefiting from sodium’s high theoretical specific 
capacity (1,165 mAh g−1) and low redox potential (−2.714 V versus 
standard hydrogen electrode), the use of sodium metal as anodes 
further boosts overall battery capacity, enabling the next generation 
of low-cost, high-capacity batteries.3,4 However, the development of 
sodium metal batteries faces various challenges.5,6 For instance, the 
extensive use of highly flammable liquid carbonate electrolytes can 
lead to catastrophic hazards such as fire and explosions.

In contrast, the development of all-solid-state sodium metal 
batteries with the absence of any flammable liquid shows notable 
advantages for improving battery safety. Solvent-free polymer 
electrolytes are attractive due to their flexibility, suitable mechani-
cal strength and high electrochemical stability.7,8 Traditional 
poly(ethylene oxide) (PEO)-based solid polymer electrolytes (SPEs) 
show good sodium salt solubility due to the coordination between 
ether oxygen and Na+; however, this interaction is relatively strong, 
which limits the Na+ movements. As a result, low transference num-
bers (tNa+), defined as the ratio of current carried by Na+ to the total 
current carried by all mobile charges,9,10 are obtained. Furthermore, 
due to the high reactivity of sodium metal, poor interfacial stability  

between PEO electrolytes and the sodium anode is another hin-
drance to achieving long-lifetime battery performance.11

The emergence of fluorinated electrolytes provides an effective 
method to stabilize metal anodes and improve cycling stability. In 
lithium batteries, for example, the fluorinated segments can provide 
a source to form LiF-rich components in solid-electrolyte-interphase 
(SEI), thus improving long-term battery stability.12–15 Moreover, the 
use of fluorinated electrolytes improves high-voltage stability due 
to the ultra-high electrochemical stability of LiF,16 which enables 
their application in high-voltage batteries.12,17 Unfortunately, previ-
ous reports have tended to focus on the design of fluorinated liq-
uid electrolyte and lithium battery applications.18 Examination of 
SPEs with fluorinated components and their applications in sodium 
metal batteries has yet to be investigated.

In this work, a new class of fluorinated block copolymer is 
designed as a solid electrolyte for the development of highly sta-
ble, all-solid-state sodium metal batteries. We demonstrate that 
the introduction of perfluoropolyether (PFPE) domains into 
PEO-based electrolytes can effectively enhance the mechanical sta-
bility of polymer electrolytes due to the formation of self-assembled 
microstructures. Compared with non-fluorinated PEO electro-
lytes, PFPE-based SPEs improve Na+ transport and increase Na+ 
transference number due to the strong and specific PFPE–anion 
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interactions. In addition, the use of fluorinated moisture facilitates 
the formation of a stable SEI, leading to an outstanding plating/
stripping stability (1,000 h) at 1.0 mAh cm−2. Finally, all-solid-state 
sodium metal batteries based on fluorinated SPE composites show 
promising rate capability and long-term stability (>900 cycles with 
an average Coulombic efficiency of 99.91%). The study promises 
opportunities for the design of new fluorinated copolymers as highly 
stable solid polymer electrolytes for sodium battery applications.

Rational design and properties of PFPE electrolytes. We designed 
and investigated a class of fluorinated block copolymers with con-
trolled morphology as a SPE to enhance mechanical integrity, 
interfacial stability and Na+ transport. The copolymer consists of 
a PFPE segment as the fluorinated block and oligo(ethylene oxide) 
methyl ether acrylate (PEOA) as the soft block (EOm-PFPE, where 
m is the degree of polymerization of PEOA; see Methods and 
Supplementary Table 1 for details).19–23 Fig. 1a illustrates the chemi-
cal structures of PFPE polymer (EO10-PFPE) and control polymer 
(EO10-CTRL). In this strategy, the dissociated Na+ ions in the PEO 
domain undergo efficient transport with the assistance of ether oxy-
gen side chain relaxation, while the phase separation between PEO 
and PFPE blocks maintains mechanical integrity. The fluorinated 
segments are also designed to stabilize the sodium metal in this 
study, through the formation of stable fluorinated compounds in 
the SEI layer.24

The interactions between polymers and alkali metal ions play 
a crucial role in the determination of polymer electrolyte prop-
erties and battery performance.25–27 Investigation of the thermal 
behaviour, that is, the glass transition temperature (Tg), can help to 

understand such interactions in different electrolyte systems.28 For 
example, differential scanning calorimetry measurements of neat 
EO10-PFPE copolymers show a Tg at −59.3 °C and an endothermic 
melting peak (Tm) located between −20 and 20 °C (Supplementary 
Figs. 1 and 2), associated with the glass-to-rubber relaxation and 
melting of the PEO domains, respectively. The glass transition and 
melt characteristics are well maintained in all PFPE-containing 
block polymers with different degrees of polymerization of PEOA. 
After adding NaFSI salt, the melting peak of PFPE polymers com-
pletely disappears (Supplementary Fig. 1). Another notable change 
is that, due to the strong coordination between ether oxygen and 
Na+ ions, the addition of NaFSI (EO/Na = 8/1) increases the Tg 
of the PEO segments dramatically from approximately −60 °C to 
above −40 °C for all four EOm-PFPE copolymers (m = 5, 10, 20, 40) 
(Supplementary Fig. 2). Such changes are highly dependent on the 
salt concentration (that is, EO/Na; Fig. 1b, Supplementary Fig. 3 and 
Supplementary Table 2).

Interestingly, the introduction of the PFPE blocks enhances the 
relaxation of the PEO domain due to the formation of self-assembled 
body-centred cubic nanostructures (Fig. 1c). Compared with 
EO10-CTRL electrolyte, the EO10-PFPE with the same EO/Na+ 
ratio shows a lower Tg when NaFSI is added (Fig. 1b). We ascribe the 
relatively lower Tg to the confinement effects on EO–Na+ complex 
dynamics, which is in good agreement with previously reported 
hybrid electrolyte systems.29,30

The self-assembled body-centred cubic structures of EO10-PFPE 
electrolyte can be maintained at high temperatures with an order–
disorder transition temperature (TODT) at 100 °C (Supplementary 
Fig. 4). Figure 1d shows the frequency sweep storage (G′) and loss 
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modulus (G″) of EO10-PFPE electrolytes at 80 °C. G′ is distinctly 
greater than G″ over the full frequency window (10−2–102 Hz), 
implying a solid-like behaviour of the EO10-PFPE electrolyte. In 
addition, the storage modulus G′ is closer to the loss modulus G″ at 
lower frequencies, indicating the soft behaviour of the electrolyte, 
potentially allowing the PFPE electrolyte to adapt and achieve good 
contact with the electrodes.31 The self-assembly process is a thermo-
dynamically or kinetically controlled process that is driven by the 
minimization of free energy in the system.32–35 Such self-assembled 
nanostructures provide three-dimensional interconnected ionic 
transport channels and superior mechanical integrity, which are 
highly desirable for all solid battery devices and applications over a 
wide temperature range.36

Structures, interactions and electrochemical properties. 
Schematic illustrations of EO10-CTRL and EO10-PFPE electrolyte 
nanostructures are shown in Fig. 2a. Compared with the liquid-like 
EO10-CTRL electrolyte (Supplementary Fig. 5), the introduction 

of the PFPE block leads to the formation of a solid-state material 
with phase-separated PFPE-rich and PEO-NaFSI-rich domains. 
Incorporation of poly(vinylidene fluoride) (PVDF) electrospun 
fibres (Fig. 4a) results in a free-standing electrolyte membrane 
∼100 μm thick (Fig. 2b, inset). The scanning electron microscopy 
(SEM) images in Fig. 2b,c confirm that the pores of the PVDF 
matrix are completely filled with EO10-PFPE electrolyte, leading 
to a flexible, solvent-free SPE that is highly desirable for solid-state 
battery devices. By contrast, the EO10-CTRL composite is a soft 
and non-free-standing membrane which deforms easily, even in the 
absence of external force (Supplementary Fig. 6).

As shown in Fig. 2d, the conductivity of EO10-PFPE SPE is 
increased compared with that of the EO10-CTRL electrolyte over 
the whole temperature range, with the conductivity of EO10-PFPE 
reaching 1.0 × 10−4 S cm−1 at 80 °C. Given that the conductiv-
ity reported here is the apparent conductivity and the volume 
fraction of PEO phase is less than 100% (∼85%; Supplementary  
Table 1), we expect that the true conductivity of the PEO-rich phase 
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in EO10-PFPE is much higher than the conductivity reported in 
Fig. 2d (see Supplementary Fig. 7 for normalized conductivity). 
This enhanced conductivity could originate from the relatively 
low Tg (Fig. 1b) which facilitates the ion transport.29 Another 
benefit of introducing PFPE into the polymer backbone is seen 
by the increased Na+ transference number (tNa+ = 0.46 and 0.33 
for EO10-PFPE and EO10-CTRL at 80 °C, respectively; Fig. 2e). 
Therefore, the EO10-PFPE shows increased Na+ conductivity 
(total conductivity × tNa+) of 4.7 × 10−5 S cm−1, 1.5 times higher than 
that of the EO10-CTRL electrolyte (Fig. 2f). The Vogel–Fulcher–
Tamman fitting results in Fig. 2g indicate that there is no notable 
change in activation energy in these two electrolytes. The role of 
PFPE segments is highlighted by the NMR results in Fig. 2h. As one 
moves from NaFSI to EO10-CTRL-NaFSI to EO10-PFPE-NaFSI, 
an upfield shift in 19F NMR resonance is observed which corre-
lates with stronger ion solvation or an increase in ion pairing; that 
is, there are increased interactions between FSI anions and PFPE 
polymer due to the previously reported ‘fluorous effect’.14,17,37 This 
anion–polymer interaction limits FSI mobility and enhances tNa+, 
which is in good agreement with previous studies reported by 
Balsara and co-workers.37

The cyclic voltammetry results shown in Fig. 2i confirm a revers-
ible plating and stripping process and absence of distinct oxidation 
(<4.0 V) when the EO10-PFPE electrolyte is used. The electro-
chemical stability window of EO10-PFPE is approximately 4.5 V, 
sufficient for most sodium battery applications.38 It is notable that 
compared with EO10-CTRL, the EO10-PFPE shows a much lower 
oxidation current until 5 V, indicative of superior oxidative stability 
under high-voltage conditions. We attribute this increased oxida-
tion stability to the formation of PFPE-rich domains.14 As suggested 
by Bao and co-workers,14 the formation of PFPE-rich domains lim-
its the contact of EO repeat units with the electrode surface and 
protects the electrolyte from further oxidation at high voltage.

Molecular dynamics simulations were then performed to further 
understand the interactions between NaFSI and the polymer matrix 

(Supplementary Figs. 8–11). Fig 3a,b shows the different structures 
formed after 200 ns simulation time with the hydrophobic fluorinated 
chains closely packed at the surface, whereas the core of the assem-
bly is composed of an ion-rich phase. For the EO-CTRL electrolyte, 
sodium ions are evenly distributed throughout the entire polymer 
matrix, forming EO–Na+ complexes, whereas a distinct phase 
separation is observed in the EO-PFPE electrolyte (Supplementary  
Fig. 11). It can also be observed that sodium ions primarily locate 
in the PEO-rich phase, forming EO–Na+ complexes, which explains 
the high dependence of Tg on NaFSI concentrations shown in the 
differential scanning calorimetry results in Fig. 1b. Furthermore, 
the molecular dynamics simulations revealed slightly different 
Na+ binding patterns to EO-CTRL and EO-PFPE (Supplementary  
Figs. 12–14). We found that nearly all sodium cations were coor-
dinated by six or seven oxygen atoms; however, the EO:FSI– ratios 
in the complexes varied. Figure 3c displays the major structures 
observed in the simulations for both polymers, and Supplementary 
Fig. 15 shows the contribution of all Na[(OEO)x(OFSI)y] combina-
tions, where x,y = 0–7. The average coordination number of Na+ 
(coordination number = x + y) ranged between ∼6.3 (EO-PFPE) 
and ∼6.7 (EO-CTRL), which indicates stronger binding of sodium 
to EO-CTRL than the latter, whereas the Na+/FSI– ratio was nearly 
identical for both polymers (Supplementary Fig. 13).

Figure 3d compares the binding energies between NaFSI 
and different components within the electrolytes (also seen in 
Supplementary Fig. 17). Compared with EO-CTRL, there is evi-
dence of weakened interactions between EO-PFPE polymer chains 
and Na+ (−79.4 kcal mol−1 versus −98.3 kcal mol−1) with the bind-
ing energy between EO-PFPE and FSI− doubled. This suggests that 
the addition of PFPE moieties into a PEO matrix will help ‘release’ 
more Na+ while restricting the mobility of FSI anions, leading to 
increased tNa+ (Fig. 2e).39 Another benefit of using PFPE blocks is 
the decrease in association energy between Na+ and FSI−. This could 
be rationalized by the additional FSI–polymer interactions, which 
lower the binding energy between sodium and FSI ions. In addition,  
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the changes of interactions and coordination environments in 
EO-PFPE electrolytes, as suggested by molecular dynamics simu-
lation, explains well their relatively high Vogel–Fulcher–Tamman 
pre-exponential factors (Supplementary Table 3) given the fact that 
the pre-exponential factor is proportional to the charge carrier con-
centration in most electrolyte systems.40,41

Na/Na symmetric cell performance. Further symmetric Na/Na 
cell tests confirm that the EO10-PFPE/PVDF composite exhib-
its extremely stable sodium plating/stripping behaviour at a high 
current density of 0.5 mA cm−2 (0.5 mAh cm−2) for 200 cycles with-
out obvious voltage oscillation (Fig. 4b, green). In contrast, the 
EO10-CTRL electrolyte can only be cycled at a much lower current 
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density of 0.1 mA cm−2 (0.1 mAh cm−2). A severe voltage oscillation 
is observed, between 50 and 150 h in this case, suggesting the for-
mation of an unstable SEI.42 Further increase in the current density 
to 0.5 mA cm−2 leads to an immediately elevated overpotential and a 
final shorting failure of the symmetric cell in the control electrolyte 
(Fig. 4b, blue).

As discussed earlier, the EO10-CTRL electrolyte shows liquid- 
like behaviour and the resultant PVDF composite is a soft and 
non-free-standing film (Supplementary Figs. 5 and 6), which could 
affect the plating/stripping stability. To eliminate this mechani-
cal limitation and further confirm the stability of EO10-PFPE,  
composite electrolytes using a commercial Solupor separator  
(Fig. 4c) were prepared (thickness, 80–90 μm) . These two sym-
metric cells both show the capability of cycling at different cur-
rent densities from 0.05 to 0.6 mA cm−2 (1 h plating/1 h stripping;  
Fig. 4d). After 140 h, the cells were cycled at a constant current den-
sity of 0.5 mA cm−2, but with a longer interval of 2 h (1.0 mAh cm−2). 
Clearly, the EO10-CTRL/Solupor composite electrolyte exhibits a 
sudden short circuit after only 100 cycles, whereas the EO10-PFPE/
Solupor composite electrolyte shows extremely stable cycling per-
formance for 400 cycles (1,000 h) under harsh cycling conditions of 
1.0 mAh cm−2 per cycle.

The superior stability with sodium metal achieved by using 
the EO10-PFPE electrolyte is further confirmed by comparison 
of impedance evolution. The overall cell resistance (highlighted 
in dashed grey line in Fig. 4e) of the Na/Na symmetric cell with 
EO10-CTRL/Solupor electrolyte continuously shifts to lower val-
ues followed by a dramatic decrease of overall resistance, indicative 
of cell failure due to short circuits. In sharp contrast, the symmet-
ric cell assembled with EO10-PFPE/Solupor electrolyte demon-
strates ultra-stable cell resistance during long-term cycling for over 

1,000 h (Fig. 4f). The interfacial resistance comparison in Fig. 4g 
clearly demonstrates that a consistent value is maintained for the 
composite electrolyte with EO10-PFPE. Therefore, the ultra-stable 
plating/stripping performance, demonstrated by EO10-PFPE/
PVDF and EO10-PFPE/Solupor, indicates the formation of a sta-
ble SEI between the PFPE-containing electrolyte and the sodium  
metal anode.

To further compare the changes in sodium metal morphol-
ogy during the plating/stripping process, Na/Cu cells with differ-
ent electrolytes were tested. It should be noted that the majority 
of Na/Cu plating/stripping experiments performed previously are 
based on liquid electrolytes, and the Coulombic efficiency (CE) of 
dry solid electrolytes has rarely been reported.4 Nevertheless, the 
EO10-PFPE composite electrolyte shows promising stability, up to 
400 cycles (average CE = 89.7%) with much lower overpotential, 
whereas the EO10-CTRL electrolytes failed after 80 cycles (average 
CE = 82.8%; Supplementary Fig. 18a–c). The lower overpotential 
(Supplementary Fig. 18d) confirms the efficient Na+ transport of 
EO10-PFPE as indicated in Fig. 2f.

SEM images of the cycled sodium electrode surfaces reveal that 
uneven sodium deposits were formed on the copper current collec-
tor (indicated by arrows in Fig. 5a) when the EO10-CTRL electrolyte 
was used. The enlarged view shown in Fig. 5b and energy dispersive 
spectroscopy (EDS) mapping of sodium (Fig. 5c) further confirm 
the formation of dendritic sodium, suggesting the short-circuit fail-
ure mechanism. By contrast, a uniform deposition layer is main-
tained when EO10-PFPE was used (Fig. 5d). Thus, we can conclude 
that the incorporation of PFPE-moiety into PEO electrolyte greatly 
inhibits dendrite and void formation, resulting in a stable SEI on 
a sodium metal surface (Fig. 5g,h). It should be also mentioned 
that the sodium layer was densely deposited on the copper current  
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Fig. 5 | Morphologies of sodium metal deposition. a, Surface SEM image of deposited Na in a Na/Cu cell with EO10-CTRL electrolyte. b, The zoomed-in 
view of dendritic Na deposition as indicated by the red arrow in (a). c, The corresponding sodium EDS of the highlighted area in b. d,e, Surface SEM (d) 
and cross-section (e) images of deposited sodium in a Na/Cu cell with EO10-PFPE electrolyte. f, The corresponding sodium EDS of highlighted area in 
e. g,h, Schematic illustrations representing the potential SEI formation processes. Insets in a and d: digital photographs of deposited sodium on copper 
collectors with EO10-CTRL (a) and EO10-PFPE (d) electrolytes, respectively.
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collector (Fig. 5e,f). This morphology is beneficial to minimize side 
reactions and limit SEI growth, which strongly supports the stable 
plating/stripping performance shown in Fig. 4f.38,43 The deposited 
sodium layer in Fig. 5f is surprisingly thick, which probably arises 
from the accumulation of sodium metal during long-term cycling 
and the relatively low CE.

Our design principle and the versatility of using fluorinated 
block copolymers is further proved by using a new block copo-
lymer poly(oligo(ethylene glycol) methyl ether acrylate)-b- 
poly(trifluoroethyl acrylate) (EO10-TFEA; Supplementary Table 1). 
As shown in Supplementary Fig. 19, the Na/Na cell with EO10-TFEA 
electrolyte (EO/Na = 8/2) can also perform stable plating/stripping 
cycles at a high current density of 0.5 mA cm−2 for more than 550 h, 
highlighting the effectiveness of fluorinated polymers on SEI stabi-
lization of sodium metal anode.

X-ray photoelectron spectroscopy results (Supplementary 
Figs. 20–25) confirm that SEI layers formed by EO10-PFPE and 
EO10-TFEA have a steadier trend of fluorine distribution during 
etching and more abundant fluorine (for example, 23.0% and 16.8% at 
400 nm depth, respectively) than EO10-CTRL (9.8%), which benefits  
long-term battery cycling stability.44–46 In addition, the excellent 
compatibility of EO10-PFPE electrolyte with a non-metal electrode 
such as hard carbon was also demonstrated (stable rate capability 
from 30 to 80 mA g−1 with the highest CE of 99.8%; Supplementary 
Fig. 26), which is highly desired for practical applications.

All-solid-state sodium metal battery performance. The 
electrochemical performance of the all-solid-state Na/NVP 
(NVP = Na3V2(PO4)3) batteries with EO10-PFPE/PVDF compos-
ite electrolyte was evaluated. As shown in Fig. 6a, the cell shows 
an initial discharge capacity of 96.8 mAh g−1, and a relatively 
low initial CE of around 90% at C/10, which could be related to 
SEI formation.47 When the current density was increased to C/5, 
C/2, 1C and 2C, the discharge capacities were 95.9, 93.1, 91.2 and 

87.7 mAh g−1, respectively. The cell promptly recovered to a capac-
ity of 96.3 mAh g−1 when the C rate was returned to C/10, which 
indicates a superior capability of cycling at various C rates. More 
impressively, the all-solid-state sodium metal cell shows extremely 
long-term stability and high CE at 2C (∼0.2 mA cm−2). In particular, 
the discharge capacity only drops from 87.2 to 85.0 mAh g−1 after 
more than 940 cycles with a capacity retention of 97.5% (average 
capacity loss rate, 0.0026%) with an average CE higher than 99.9%. 
The superior cycling stability at high C rate is also confirmed by 
the charge/discharge profiles in Fig. 6b and it is apparent that the 
charge/discharge curves during the first 500 cycles essentially 
overlap. The recorded electrochemical impedance spectroscopy 
(EIS) spectra during 2C cycling measurements (Fig. 6c) suggest 
that the overall cell resistance increases after 100 cycles, which 
could result from increased interfacial resistance at high current 
density.48 Encouragingly, the small resistance increase during the 
subsequent cycles highlights the capability of the EO10-PFPE/
PVDF electrolyte to sustain high-rate cycling with high stability. 
Further evidence of the long-term stability of the electrolyte is also 
provided by additional cells cycled at a lower rate of C/2 shown in  
Supplementary Fig. 27.

To evaluate the capability of EO10-PEPE electrolyte for prac-
tical device applications, we prepared a cathode film with a high 
loading NaFePO4 (NFP) cathode (11.3 mg cm−2, with a theoretical 
areal capacity of 1.7 mAh cm−2). After two initial cycles at C/20, the 
cell shows stable performance at C/10 (Supplementary Fig. 28a). 
In particular, the initial discharge capacity reaches 1.25 mAh cm−2, 
and this capacity can still maintain at 1.1 mAh cm−2 after 50 cycles 
(80% capacity retention). Comparison of the charge–discharge 
profiles of cycles 1, 10, 30 and 50 (Supplementary Fig. 28b) dem-
onstrates a negligible decay during the first 10 cycles and a small 
decay after the 30th cycle, demonstrating robustness and good 
compatibility with high loading cathodes when compared with 
EO10-CTRL (Supplementary Fig. 29). On the other hand, the cell 
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with EO10-CTRL electrolyte showed unstable charging behaviour 
after 550 h (Supplementary Fig. 29b,d), suggesting possible dendrite 
formation during sodium plating, as confirmed in Na/Na cycling 
tests (Fig. 4).

The outstanding performance of EO10-PFPE composite electro-
lyte demonstrated in the study is highlighted by comparison with 
previous studies based on other polymer or composite electrolytes 
(Supplementary Fig. 30 and Supplementary Table 4). It is clear that 
the EO10-PFPE composite electrolyte shows excellent capacity 
retention (97.5% after 940 cycles) and outstanding capacity output 
in sodium metal batteries and Na/Na cells.

Conclusions
We have demonstrated an ultra-stable all-solid-state sodium metal 
battery achieved using a PFPE-based block copolymer as the solid 
electrolyte. Our results confirm that incorporation of PFPE domains 
assists the formation of a self-assembled solid phase, leading to 
improved mechanical properties with enhanced storage modulus. 
Additionally, this phase-separated microstructure shows synergis-
tic benefits for improving electrolyte performance, with molecular 
dynamics simulations confirming that the PFPE polymer has weak-
ened interactions with sodium ions while enhancing interactions 
with FSI anions. As a consequence, both the Na+ transference num-
ber and Na+ conductivity are increased, which leads to the com-
posite block copolymer electrolyte showing remarkable long-term 
cycling stability with a high capacity of 1.0 mAh cm−2 and excellent 
reversibility in long-term sodium plating/stripping tests. The assem-
bled solid-state sodium metal batteries (with Na3V2(PO4)3 cathodes) 
demonstrate stable rate capability and outstanding charge/discharge 
reversibility (CE = 99.91%) at 2C (∼0.2 mA cm−2) after more than 
900 cycles at an elevated temperature of 80 °C. Finally, we believe 
that fluorination is a general strategy to produce effective solid elec-
trolytes by facilitating the formation of stable SEI.
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Methods
Synthesis of EO-CTRL, EO-PFPE and EO10-TFEA polymers. Synthesis of the 
three polymers was performed according to our previously reported methods.23 
In a typical experiment for preparing EO10-PFPE, PFPE macro-reversible 
addition-fragmentation chain-trasfer (RAFT) agent (187 mg, 0.11 mmol), 
PEOA (770 mg, 1.6 mmol) and AIBN (3.28 mg, 0.020 mmol) were dissolved in 
trifluorotoluene (2 ml) and sealed in a 10 ml flask fitted with a magnetic stirrer 
bar. The solution was then deoxygenated by purging thoroughly with nitrogen 
for 15 min, heated to 65 °C in an oil bath, and allowed to react for ∼4 h with 
conversion at ∼70%. Upon completing the reaction, the solution was precipitated 
into hexane three times. The precipitate was then dried in a vacuum oven at 
60 °C for 12 h, yielding a yellow viscous solid. Polymers with a range of PFPE 
compositions were prepared under identical conditions apart from differences 
in the initial feed amount between PEOA and PFPE macro-RAFT agent. The 
EO10-CTRL sample was prepared with the same procedure in the absence of PFPE 
macro-RAFT agent. EO10-TFEA was prepared by chain extension of EO10-CTRL 
using TFEA monomer aiming for a similar fluorine content to that of EO10-PFPE.

Polymer electrolyte preparation. The polymer electrolytes were prepared by a 
solvent casting method as described in previous literature.25,49 In particular, PFPE 
polymer was dried at 50 °C under vacuum for 2 d and dissolved in dry acetonitrile 
together with dry NaFSI salt. For battery tests, composite electrolytes with 
incorporation of PVDF fibres were used, the composite electrolytes were prepared 
by casting prepared polymer solution with PVDF matrix according to our previous 
work.25 The composites with Solupor separators were prepared the same way. The 
composites were finally dried under vacuum at least for 2 d to completely remove 
solvent and water residuals.

Characterizations. NMR spectroscopy. Solution-state 1H and 19F NMR spectra 
were recorded on a Bruker Avance 400 MHz (9.4 T) spectrometer in CDCl3. 
Chemical shifts (δ) in 1H NMR spectra are reported in ppm relative to the residual 
CHCl3 (7.26 ppm). Solid-state NMR spectra were acquired on a Bruker 300 MHz 
spectrometer.

Small-angle X-ray scattering. Small-angle X-ray scattering (SAXS) measurements 
of EO10-CTRL and EO10-PFPE with NaFSI (EO/Na = 8/2, molar ratio) or without 
NaFSI were conducted at 80 °C using a custom-built SAXS diffractometer at the 
Materials Research Laboratory X-ray facility (University of California, Santa 
Barbara). For these experiments, 1.54 Å Cu Kα X-rays were generated using a Genix 
50 W X-ray microsource (50 μm microfocus) equipped with FOX2D collimating 
multilayer optics (Xenocs) and high-efficiency scatterless single-crystal/metal 
hybrid slits. Samples were prepared using capillaries for SAXS experiments.

Ionic conductivity. The ionic conductivities of PFPE and control electrolytes 
(30–100 °C) were measured using EIS on a Solartron instrument (1 MHz–0.1 Hz 
with an amplitude of 10 mV). The samples were sealed in a home-made barrel cell 
in an argon-filled glovebox. The temperature was controlled via a Eurotherm 2204 
controller, and the temperature was stabilized for 40 min before each test.

Coulombic efficiency. The Na/Cu cells were assembled in an argon-filled glovebox. 
The diameters of the copper and sodium discs were 10 and 8 mm, respectively. 
For each cycle, the experiments were done by plating 0.2 mAh cm−2 of sodium on 
the copper electrode (for 1 h with a current density of 0.2 mA cm−2) followed by a 
stripping process at a current density of 0.1 mA cm−2 to a cut-off voltage of 1.0 V. 
All experiments were done at 80 °C.

Battery tests. All-solid-state sodium metal batteries comprising the Na3V2(PO4)3 
(NVP) or NFP cathode were assembled in CR 2032 coin cells inside the 
argon-filled glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm). The thickness of this sodium 
anode is 100 ± 10 μm. The sodium metal foil (Merck) was rolled and brushed, then 
cut into anode discs with a diameter of 8 mm (area, −0.5 cm2) as anode. Full cells 
were cycled in a VMP-3 potentiostat at 80 °C.

Data availability
All the data supporting the findings of this work are in the paper and 
Supplementary Information. Additional data are available from the corresponding 
authors upon reasonable request. Source data are provided with this paper.
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