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Revealing an Interconnected Interfacial Layer in Solid-State 

Polymer Sodium Batteries 

Chenglong Zhao, Lilu Liu, Yaxiang Lu*, Marnix Wagemaker*, Liquan Chen, and Yong-Sheng Hu* 

Abstract: Rechargeable sodium batteries are receiving increasing 

attention as potential technology for large-scale energy storage 

systems owing to the abundant nature and low cost of Na. Replacing 

the commonly used nonaqueous liquid electrolytes with polymer solid 

electrolytes, is expected to provide new opportunities to develop safer 

batteries with higher energy densities. However, this poses scientific 

challenges, specifically related to the interface between the Na-metal 

anode and polymer electrolytes, the properties and failure 

mechanisms of which remain elusive. Driven by systematically 

investigating the interface properties, an improved interface is 

established in-situ, between a composite Na/C metal anode and 

electrolyte. The observed chemical bonding between carbon matrix of 

anode with solid polymer electrolyte, prevents delamination, and 

leads to more homogeneous plating and stripping, which 

reduces/suppresses dendrite formation. Full solid-state polymer Na-

metal batteries, using a high mass loaded Na3V2(PO4)3 cathode, 

exhibit ultrahigh capacity retention of >92% after 2,000 cycles and 

>80% after 5,000 cycles, as well as the outstanding rate capability. As 

such, the new approach and demonstrated cycling stability, present a 

promising route towards realizing stable solid-state polymer Na-metal 

batteries. 

Introduction 

Sodium-based batteries have been regarded as promising 

candidates for smart grid-scale energy storage because of the 

abundance of Na sources and low cost.[1] To meet the 

requirement of batteries with higher energy densities, introducing 

Na metal anodes is generally recognized as an ideal choice owing 

to its theoretical capacity (~1166 mAh g-1) and low 

electrochemical potential (-2.71 V vs. standard hydrogen 

electrode, SHE).[2] However, several challenges need to be 

overcome, including high reactivity with organic liquid electrolytes 

and unstable Na+ plating/stripping process, which leads to 

capacity fading during long-term cycling and safety concerns.[2a, 3] 

Solid electrolytes are gaining increasing attention, being less 

flammable and the potential ability to reduce/suppress the growth 

of Na-dendrites.[4] However, inorganic ceramic solid electrolytes 

provide poor interface connectivity with the electrodes due to 

volumetric changes and uneven Na+ plating/stripping during 

cycling. This results in an increase of interfacial resistance, which 

lowers the reversible capacity and cycling stability. Solid polymer 

electrolytes (SPE) have the advantages of high-volume utilization, 

good film-forming ability, light weight and simple/scalable 

preparation processes, and have been widely investigated during 

the past several years.[5] Moreno et al., reported a SPE where 

Na[(CF3SO2)2N] (NaTFSI) and poly(ethylene oxide) (PEO) were 

blended to achieve an ionic conductivity of ~1.1×10-3 S cm-1 at 80 
oC.[5b] Ma et al., reported a Na[(FSO2)(n-C4F9SO2)N]-based 

polymer electrolyte, the application of which in solid-state 

Na||SPE||NaCu1/9Ni2/9Fe1/3Mn1/3O2 cells showed capacity 

retention of ~70% after 150 cycles at 80 oC.[5a] Compared to 

inorganic ceramic electrolytes, organic SPEs are generally more 

ductile and provide opportunities to bond with electrodes, 

resulting in a smaller interfacial resistance. Therefore, polymer 

interfacial layers or composite polymer/ceramic electrolytes are 

frequently used to improve the interface connectivity.[6] Zhou et al., 

reported a sandwich configuration of a polymer/ceramic-

pellet/polymer electrolyte in an solid-state Na-metal battery. 

Enhanced cycling was suggested to be the result of adding a 

polymer electrolyte layer, which improved the interface wettability 

between Na-metal anode and solid ceramic electrolyte.[6b] 

-0.2

-0.1

0.0

0.1

0.2

0 10 20 30 40 50 60

V
o
lt
a
g
e
 (

V
)

Time (h)

0.3 mA0.2 mA0.1 mA

0 20 40 60 80 100

40

80

120

160

50

60

70

80

90

100

110

Na||PEO20NaFSI||Na3V2(PO4)3

0.1C

 Charge     Discharge

C
a
p
a
c
it
y
 (

m
A

h
 g

-1
)

Cycle number

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 (

%
)

a c

0.0 0.1 0.2 0.3
-0.2

-0.1

0.0

0.1

0.2

0.00 0.05 0.10 0.15 0.20
-0.2

-0.1

0.0

0.1

0.2

0.00 0.05 0.10
-0.2

-0.1

0.0

0.1

0.2 0.3 mA0.2 mA0.1 mA

Capacity (mAh)

V
o
lt
a
g

e
 (

V
)

0 20 40 60 80 100

40

80

120

160

50

60

70

80

90

100

110

0.1CC
a
p
a
c
it
y
 (

m
A

h
 g

-1
)

Cycle number

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 (

%
)

Na||PEO20NaFSI||Na3V2(PO4)3

1.0C

 Charge     Discharge

b d

e f g

C
a

th
o

d
e

P
E

O
 e

le
c
tr

o
ly

te

N
a

 m
e

ta
l a

n
o

d
e

e-

e-

Interface

- +
 

Figure 1. Electrochemical performance of PEO20NaFSI polymer electrolytes in 

Na||PEO20NaFSI||Na symmetric cells and in Na||PEO20NaFSI||Na3V2(PO4)3 full 

cells. (a) Voltage curves of the symmetric Na||PEO20NaFSI||Na cells at current 

densities of 0.1, 0.2 and 0.3 mA at 80 °C. The diameter of Na-metal anodes is 

10 mm and the corresponding area is 0.785 cm2. (b) Capacity curves of the 

symmetric cells. Charge-discharge capacity and Coulombic efficiency (CE) of 

Na||PEO20NaFSI||Na3V2(PO4)3 full cells at the rate of (c) 0.1C and (d) 1.0C 
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(~117 mA g-1), respectively. (e) Digital photo image and (f) scanning electron 

microscope (SEM) image of Na-metal anode after 100 cycles in the full cells. (g) 

Schematic illustration of the interfacial phase for solid-state polymer Na-metal 

batteries. 

Although the above indicates that SPEs offer the possibility to 

maintain good interfacial contact with Na-metal anodes, long-term 

revesible cycling is very challenging and little is known about the 

nature of the SPE-Na-metal interface and how it can be further 

improved. By investigating the interface chemistry between the 

Na-metal anode and polymer electrolytes, this work provides in 

depth understanding, based on which a rational strategy is 

demonstrated to realize highly stable solid-state polymer Na-

metal batteries. The electrochemical performance of a typical 

polymer electrolyte, PEO plasticized by sodium bis(fluorosulfonyl) 

imide (NaFSI) with a molar ratio of EO/Na+ = 20 (PEO20NaFSI), 

paired with the commonly used pure Na-metal-foil anode is shown 

in Figure 1. Figure 1 (a) and (b) display galvanostatic cycling at 

80 °C in symmetric Na||PEO20NaFSI||Na cells at different current 

densities. A large polarization during Na+ plating/stripping is 

observed for several initial cycles, as well as an increase in 

polarization during subsequent cycles at higher current densities. 

Similar observations were also found in symmetric 

Na||PEO20NaFSI||Na[5c], Na||PEO20-NaClO4-SiO2||Na[7] and 

Li||PEO-LiTFSI||Li[8] cells. In addition, 

Na||PEO20NaFSI||Na3V2(PO4)3 full cells exhibit unstable cycling 

during the initial cycles in Figure 1 (c), resulting in a strongly 

fluctuating Coulombic efficiency (CE). When the current density is 

increased from 0.1 to 1.0 C, the number of initial cycles that 

displays a large fluctuation in the CE is reduced to some extent 

as shown in Figure 1 (c) and (d), possibly related to the presence 

of more Na-metal nucleation sites induced by the higher current 

densities.[9] The origin of the fluctuating CE appears to be 

unstable discharging, suggesting contact loss of the Na-metal 

anode during stripping. This implies that the interface connectivity 

between the SPE and the Na-metal-foil anode is poor before 

during the initial cycling.  

In this work, 10 wt.% PEO is added to the cathode mixture, 

which has been demonstrated as an effective method to improve 

the interface connectivity between SPE and cathode.[5a, 5c, 6a, 8a] 

The digital photo and scanning electron microscope (SEM) 

images of the Na-metal-foil anode from full cells after 100 cycles 

at 0.1C are shown in Figure 1 (e) and (f). Compared to the 

blended structure of the cathode side between Na3V2(PO4)3 and 

the PEO20NaFSI electrolyte, the Na-metal anode can be easily 

separated from the electrolyte, and a fractured surface is 

observed. The above further confirms a poor interfacial contact 

between the SPE and the pure Na-metal-foil anode. Moreover, 

the contact points between the PEO electrolyte and the Na-metal 

anode will be lost on repeated Na+-stripping from the host matrix 

during long-term cycling, resulting in the rough morphology shown 

in Figure 1 (f) and illustrated in Figure 1 (g). 

Results and Discussion 

To improve the interface connectivity between the Na-metal 

anode and the polymer electrolytes, an initial consideration is that 

the SPE organic polymer host mainly consists of C and O atomic 

species having an electronegativity of 2.55 and 3.44, respectively. 

These result in ionic bonds with Li and Na which are less strong 

and flexible as covalent bonds for instance. One option may be 

blending PEO with metallic Na, however, this is very challenging 

because of the high reactivity of metallic Na. A more promising 

host matrix for Na-metal is carbon, which is stable towards 

metallic Na even at temperatures exceeding >300 oC.[11] 

Moreover, it offers the possibility to establish strong covalent 

bonds (e.g., C-C, C-O, C=O) owing to reaction between the 

carbon matrix and the polymer electrolyte. Thus, by introducing 

carbon in the Na-metal anode, a matrix is introduced that can 

bond with the PEO species of the SPE, which aims to prevent 

delamination. Additionally, the ionic and electronic conductivities 

of the carbon matrix can be expected to promote Na+ stripping 

and plating. Composite Na/C metal anodes have been reported 

widely,[11] showing enhanced performance in organic liquid 

electrolytes. At present, we aim to use this strategy to improve the 

interface connectivity between the SPE and the Na-metal anodes, 

and investigate in detail the PEO20NaFSI polymer electrolyte in 

combination with a composite Na/C metal anode. 
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Figure 2. Galvanostatic cycling of symmetric Na||PEO20NaFSI||Na and 

Na/C||PEO20NaFSI||Na/C cells at 80 °C. (a) Rate performance from 0.1 to 0.7 

mA. Comparison of the (b) long-term cycling stability of symmetric cells and (c) 

voltage curves of the first five cycles at a current density of 0.1 mA, the second 

five cycles at a current density of 0.2 mA, and subsequent cycles at 0.3 mA. 

Figure S1 (a) shows SEM and optical images of the as-

prepared PEO/NaFSI polymer electrolyte with a molar ratio of 

EO/Na+=20. The thickness of this self-supporting membrane is 

around 200 µm. The surface is relatively homogeneous with a 
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random distribution of pores (Supporting information, Figure S2). 

The structural properties, electrochemical stability, thermal 

stability, and phase transition behaviour of the as-prepared 

PEO20NaFSI polymer electrolyte are presented in Figure S3-5. 

These results are consistent with what was reported previously.13 

The temperature-dependent ionic conductivity of the PEO20NaFSI 

polymer electrolyte is exhibited in Figure S1 (b), where the ionic 

conductivity is about 10-7 S cm-1 at 30 oC. The conductivity rapidly 

increases on raising the temperature to ~60 oC, after which the 

conductivity increases less rapidly with temperature, 

corresponding to the glass temperature of crystalline PEO at ~65 
oC as shown in Figure S6. The ionic conductivity reaches ~10-4 S 

cm-1 between 60 to 80 oC, enabling the operation of a solid-state 

Na battery. The composite Na/C metal anode was prepared by 

impregnating molten Na into commercially available carbon cloth 

at 300 oC (Figure S7).[12] After the infusion of molten Na, the 

thickness of the composite Na/C metal anode is about 250 µm as 

shown in Figure S1 (c), and the pores between the carbon fibres 

appear to be filled completely by molten Na in Figure S1 (d). The 

additional advantage of the three-dimensional carbon host 

bonding with the SPE, is that it will distribute the 

oxidation/reduction over a larger surface area, hence lowering the 

local current density in the composite Na/C anode. Both the 

carbon matrix functionality and the distribution of the 

plating/stripping activity can thus be expected to improve the 

reversible cycling. 

The voltage profiles of symmetric Na||PEO20NaFSI||Na and 

Na/C||PEO20NaFSI||Na/C cells are shown in Figure 2. The cells 

are first cycled at different current densities from 0.1 to 0.7 mA at 

80 °C, the results of which are shown in Figure 2 (a). As 

mentioned already, a large polarization is commonly observed 

during the initial cycles for symmetric Na||PEO20NaFSI||Na cells, 

and an increased current density appears to lower the 

overpotentials during subsequent cycles. In contrast, the 

symmetric Na/C||PEO20NaFSI||Na/C cell shows smooth voltage 

profiles during cycling with much lower overpotentials. When the 

current density is increased to 0.5 mA, the Na||PEO20NaFSI||Na 

symmetric cell fails after a few cycles, however, the 

Na/C||PEO20NaFSI||Na/C cell cycles reversibly even at 0.6 mA 

with a very low overpotential of ±80 mV. The stable voltage curves, 

as shown in Figure S8, suggest that a stable interface connection 

is established during the heat treatment of the cells. Apparently, 

the activation process observed for pure Na-metal anodes is not 

present in the Na/C||PEO20NaFSI||Na/C cells. The result is that 

the symmetric Na/C||PEO20NaFSI||Na/C cells can be cycled 

continuously over 800 h at 0.3 mA, displaying stable voltage 

curves, as demonstrated in Figure 2 (b). For comparison, the 

voltage of the Na||PEO20NaFSI||Na cells drops to zero after 138 

h, see Figure 2 (b) and (c), signifying battery failure through a 

short circuit. This further suggests that the interface between the 

PEO polymer matrix and the Na-metal-foil anode is unstable, and 

decays during the long-term cycling. The cycling stability of the 

symmetric Na/C||PEO20NaFSI||Na/C cells is also evaluated at a 

higher current density of 0.5 mA, shown in Figure S9 and S9, 

demonstrating stable cycling over 650 h with an average 

overpotential around ±75 mV. 
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Figure 3. Electrochemical performance of PEO20NaFSI polymer electrolytes in 

full cells. (a) Charge-discharge curves at a scan rate of 0.1C in the voltage range 

of 2.0-4.0 V where the inset compares the overpotentials. (b) CE of 

Na||PEO20NaFSI||Na3V2(PO4)3 and Na/C||PEO20NaFSI||Na3V2(PO4)3 full cells at 

a rate of 2.0C and 4.0C, respectively, with the first three cycles at 0.1C in the 

voltage range of 2.0-4.0 V. (c) Capacity retention of 

Na||PEO20NaFSI||Na3V2(PO4)3 and Na/C||PEO20NaFSI||Na3V2(PO4)3 full cells. 

To study the performance of the pure Na metal and the 

composite Na/C metal anodes in full-cell solid-state polymer Na-

metal batteries, the Na anodes were tested in combination with 

Na3V2(PO4)3 as the cathode. The rate capability and long-term 

cycling stability were evaluated for a relatively large mass loading 

of 6-8 mg cm-2. Detailed information on the cathode structure and 

morphology is presented in Figure S11 and S12, Table S1 and 

S2. The charge-discharge curves at a rate of 0.1C in the voltage 

range of 2.0-4.0 V are shown in Figure 3 (a). The 

Na/C||PEO20NaFSI||Na3V2(PO4)3 full cells exhibit a larger 

reversible capacity, ~111 mAh g-1, and a smaller overpotential of 

~36 mA, as compared to the ~102 mAh g-1 and ~60 mA for the 

Na||PEO20NaFSI||Na3V2(PO4)3 cells. The composite Na/C metal 

anode also demonstrates a much better rate performance, as 

shown in Figure S23 and Table S3, for instance amounting 77.9 

mAh g-1 at 8C compared to 5.2 mAh g-1 for a pure Na metal anode. 
The error bar of the capacity is ±0.1 mAh g-1. The rate and cycling 

performance of Na/C||PEO20NaFSI||Na3V2(PO4)3 full cells is 

further tested at increased current densities, as shown in Figure 

S24, where a reversible capacity of about ~92 mAh g-1 is achieved 

at 2.0C during 300 cycles. The long-term cycling stability of the 

full cells, cycled at 2.0C for Na||PEO20NaFSI||Na3V2(PO4)3 and at 

4.0C for Na/C||PEO20NaFSI||Na3V2(PO4)3, demonstrates a 

discharge capacity of 86.0 mAh g-1 for both anodes. As shown in 

Figure 3 (b), Figure S25 and S15, the CE of 

Na||PEO20NaFSI||Na3V2(PO4)3 cell experiences drastic 

fluctuations during the initial cycles, which stabilizes during 

subsequent cycles. Nevertheless, the capacity decays towards 

72% after 2,000 cycles. In contrast, the composite Na/C metal 

anode reaches a capacity retention above 92% at 2,000 cycles, 

as shown in Figure 3 (c). Superior cycling stability of the 

composite Na/C metal anode is further demonstrated in Figure 

S27 and S17 by a high capacity retention of >80% after 5,000 

cycles, >70% after 8,000 cycles. The results demonstrate that the 



RESEARCH ARTICLE          

 

 

 

 

composite Na/C metal anode enables high-stable solid-state 

polymer Na-metal batteries.  
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Figure 4. Interface properties of the pristine symmetric cells. SEM images of Na 

foils and PEO films in (a) and (b) of Na||PEO20NaFSI||Na cells, (c) and (d) of 

Na/C||PEO20NaFSI||Na/C cells. The assembled symmetric cells were heated to 

80 °C for 2 h to establish contact between polymer electrolytes and electrodes 

prior to the measurements. Electrochemical impedance spectroscopy (EIS) 

measurements of (e) Na||PEO20NaFSI||Na and (f) Na/C||PEO20NaFSI||Na/C 

cells. X-ray photoelectron spectra (XPS) of (g) C 1s, (h) O 2p and (i) Na 1s for 

the composite Na/C anode, Na-metal anode and the pure Na plate. 

To investigate the role of the carbon matrix in the Na/C anodes 

the interface properties between SPE and both pure Na-metal and 

Na/C anodes are investigated before and after cycling of the cells. 

Similar to previous studies on solid-state polymer batteries, a pre-

heating process is used to enhance the contact between 

electrolytes and electrodes before the operation of cells.[5c, 7-8] In 

this work, the symmetric Na|PEO20NaFSI|Na and 

Na||PEO20NaFSI||Na3V2(PO4)3 cells are also heated to 80 °C for 

2 h before operation. Figure 4 (a)-(d) shows the difference in 

morphology after the preheating for both the Na anodes and PEO 

membranes, after separating these from each other. Compared 

to the pure Na foils, shown in Figure S29, the disassembled Na 

foil in Figure 4 (a) displays obvious delaminated regions, in 

combination with a fractured morphology, indicating a poor 

interfacial connection as shown in Figure S20. In contrast, the 

Na/C anode, removed from the prepared 

Na/C||PEO20NaFSI||Na/C cell, exhibits signs of tearing and more 

traces of residual metallic Na on the corresponding PEO films, 

comparing Figure 4 (d) and Figure 4 (b). After pre-heating for 2h, 

Na/C||PEO20NaFSI||Na/C cell has a total resistance of ~175 Ω, 

obtained from electrochemical impedance spectroscopy (EIS), 

which is about 2.5 times smaller than that of 

Na||PEO20NaFSI||Na3V2(PO4)3. To gain understanding of the 

improved interface connectivity of the composite Na/C anodes, 

interface components of the two Na-metal anodes are analysed 

by X-ray photoelectron spectra (XPS) as shown in 5 (g)-(i) and 

Figure S21. The observed peaks around 289 eV in the C 1s 

spectrum and around 534 eV in the O 2p spectrum reveal the 

formation of “C=O” bonds[13] on the surface of composite Na/C 

anode after the pre-heating treatment, which are not presented at 

the pure Na-metal anodes. Additionally, a stronger component at 

around 1069.5±0.1 eV in the Na 1s spectrum is observed for the 

composite Na/C anode as compared to the pure Na-metal anode, 

where the Na-N species are expected to be a result of the reaction 

between the NaFSI salt and the Na/C anode. These results 

indicate that the interface contact of the composite Na/C with the 

SPE is due to chemical bonding of the SPE with the carbon matrix 

of the anode, which is established during the preheating treatment 

before battery cycling. 
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Figure 5. Interface properties after 100 cycles in full cells. SEM images of the 

Na anodes from (a) Na/C||PEO20NaFSI||Na3V2(PO4)3 cell and (b) 

Na||PEO20NaFSI|| Na3V2(PO4)3 cell after 100 cycles. XPS C 1s, O 2p and Na 1s 

spectra for (c) composite Na/C anode and (d) Na-metal anode from full cells. 

Next the interface properties were investigated after 100 cycles, 

the results of which are shown in Figure 5. The composite Na/C 

electrode displays a relatively flat surface, with exposed carbon 

fibres sticking out randomly as demonstrated by Figure 5 (a). The 

enlarged image (Figure S22) shows the rougher morphology of 

the carbon fibres after cycling than that of the smoother fibres in 

the pristine carbon cloth. By comparison, the pure Na-metal-foil 

anode exhibits a fractured and irregular morphology in Figure 5(b). 

XPS analysis of the surface species at various depths, shown in 

Figure 5(c) and (d), brings forward the species in both C 1s and 

O 2p spectra that can be responsible for the chemical bonding 

between the carbon fibres of the composite Na/C anode and the 

PEO of the SPE. For the pure Na-metal anode, a large amount of 

Na-O (mainly representing Na2O[14]) species are formed at the 

surface upon cycling. This Na2O rich interface will unavoidably 

increase the interface impedance and lead to contact loss 

because of Na-metal stripping, both promoting to the uneven Na+ 

deposition that leads to the downward spiral of interface 
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degradation. By comparison, the Na/C anode shows a lower 

amount of Na-O (Na2O), which enables a better interface contact.  

Conclusion 

In summary, we have systematically investigated the properties 

of interface between pure Na-metal anodes and a solid PEO 

polymer electrolyte. The results suggest that the nature of the 

interphase, dominated by unavoidable contact loss in 

combination, which is responsible for early failure of solid-state 

polymer batteries. A rational strategy to overcome both issues is 

provided by using a composite Na/C metal anode to replace the 

Na-metal-foil anode to create a stronger interface connectivity, 

thereby preventing delamination with the formation of new 

interface species. The improved interface contact results in a 

more homogeneous and less fractured Na-plating after repeated 

cycling, as well as maintaining a low interface impedance. 

Another factor that is expected to contribute to the more 

homogeneous plating and stripping is that the high surface area 

of the carbon fibre, distributing the oxidation/reduction activity via 

the contact points with SPE. During plating this will reduce 

dendrite formation, and during stripping this will suppress 

delamination from SPE. The improved interface properties, are 

reflected in the cycling stability of both symmetric and full Na-

metal cells, demonstrating a strongly improved cycling behaviour. 

All results suggest a promising route towards realizing stable 

solid-state polymer Na-metal batteries. 
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