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A B S T R A C T   

Parasitic reactions inevitably occur at the interface of lithium (Li) metal and polymer electrolytes due to ul
trahigh Li reducibility coupled with poor interfacial stability or ionic conductivity. This leads to significant 
capacity loss and inferior lifespan of Li metal batteries (LMBs). Herein, we engineered a stable solid electrolyte 
interphase (SEI) layer at the interface of Li metal and polyethylene oxide (PEO) electrolyte via incorporation of 
phosphazene molecules. The phosphazene-solid polymer electrolyte (P-SPE) shows a significantly higher long- 
term stability against Li metal anode when compared with non-modified SPE. Using cryogenic transmission 
electron microscopy (cryo-TEM) and X-ray photon spectroscopy (XPS), Li3N, LiF, Li3P and Li3PO4 nanocrystals 
were identified in the SEI layer. The Li|Li cell with P-SPE cycle for 1800 cycles at 0.2 mA cm‒2. The Li||LFP cells 
with P-SPE deliver a specific capacity of ~150 mAh g−1 and ~120 mAh g−1 at 1C and 2C charge/discharge rates, 
respectively, with up to 80% capacity retention after 500 and 1000 cycles, respectively. Critical role of 
phosphazene-modified SEI in improving electrochemical performance is further investigated by density function 
theory (DFT) and ab-initio molecular dynamic (AIMD) calculations. This study offers a promising approach for 
engineering a stable and ion-conductive Li|polymer electrolyte interface for long lifespan LMBs.   

1. Introduction 

Owing to lightweight (0.59 g cm−3), high specific capacity (3860 mA 
h g−1), and low reduction potential (−3.040 V vs. SHE), Li metal is an 
ultimate anode for future high-energy-density rechargeable batteries 
[1]. Inherent safety, low cost, lightweight, mechanical strength, and 
facile manufacturing and large-scale production make solid polymer 
electrolytes (SPEs) a promising electrolyte for lithium metal batteries 
(LMBs) [2–4]. High Li ion conductivity, and high electrochemical and 
thermal stability makes polyethylene oxide (PEO) one of the most 
promising polymer for polymer electrolytes [5,6]. Ultrahigh reactivity 
of Li metal leads to parasitic reactions at Li metal|PEO interface, or 
so-called solid electrolyte interphase (SEI), (for instance, decomposition 
of PEO to C2H4 or Li2O), harming electrochemical performance and 
lifespan of LMBs [7,8]. Additionally, during the battery operation, the 
SEI layer can continuously build up at the Li|polymer electrolyte inter
face caused by repeated parasitic reactions between the Li metal and 
PEO, leading to uneven surface morphology and large electrochemical 

impedance [9,10]. During battery operation, these events occurring at 
the Li|PEO interface can cause in overpotential evolution, capacity loss 
and inferior battery lifespan [9,11]. 

The issue of unstable Li|PEO interface can be addressed by engi
neering an interphase layer with high Li ion conductivity and high sta
bility against Li metal [12–18]. Surface coating of Li metal with fast Li 
ions conductors owning high mechanical and electrochemical stability, 
such as (Li3N), lithium phosphide (Li3P), and lithium phosphide 
(Li3PO4), is shown an effective strategy towards homogeneous Li elec
trodeposition and long lifespan LMBs [15,17,19–21]. However, poor 
interconnectivity at interface, mechanical fragility, and a relatively 
thick surface coating are some of the issues with ex-situ coating of an 
artificial interfacial layer. These issues can be resolved by in situ con
struction of a SEI layer with desired chemistry and structure. In fact, 
tuning the electrolyte composition is considered one of the most effec
tive approaches to tailor the SEI layer properties and improving LMBs 
lifespan [22]. This is due to the fact that the SEI layer plays a critical role 
in Li plating/stripping during charge/discharge processes and hence, is a 
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key factor in determining platted Li morphology, power capability, cycle 
life, and safety of lithium batteries [17,20,23,24]. Generally, the SEI 
breakdown is usually observed for a SEI layer mostly consisting of 
amorphous organic phase or Li-based nanocrystals with poor Li ion 
conductivity and stability against Li metal, such as lithium oxide (Li2O) 
and lithium carbonate (Li2CO3) [1]. In contrast, a SEI layer with high Li 
ion conductivity and stability against Li metal can suppress Li dendrites 
growth and facilitate Li ions transport across the interface, and could 
assure a superior electrochemical performance and lifespan for LMBs 
[17,19,25]. Fluorinated organic solvents and lithium nitrate (LiNO3) are 
widely used as additives in liquid electrolytes to tune the chemistry and 
structure of the SEI layer. Electrochemical degradation of these additives 
leads to in situ construction of favorable nanocrystals (e.g. LiF or Li3N) in 
the SEI layer, leading to significant improvement in the electrochemical 
performance and lifespan of LMBs [12,13,16,18,26]. There is also a 
single report on enhancing the electrochemical performance of LMBs 
with polymer electrolyte via SEI modification. This is achieved by in situ 
construction of LiF-rich SEI layer by adding Li2S to the PEO-LiTFSI SPE 
as indicated by cryo-TEM and XPS. 

Herein, we report a long lifespan LMB enabled via enrichment of Li| 
PEO interface with Li3N, LiF, Li3P, and Li3PO4 nanocrystals using a small 
fraction of the phosphazene (ethoxy(pentafluoro)cyclotriphosphazene) 
additive in PEO-based SPE. The chemical structure and general prop
erties of the phosphazene additive is shown in Table S1. Phosphazenes 
and polyphosphazenes have been employed as polymer electrolytes for 
Li metal batteries [27–29], flame retardant in solid and gel polymer 
electrolyte [30], polymer cross-linking agents in gel polymer electrolyte 
[31], and Li metal surface modification [32]. Allcock et al., reported 
employing polyphosphazene with a lithium sulfonimide substituent as 
single ion conductor [33]. A stable artificial SEI composed of phospha
zene to protect Li metal anode in an Li-O2 cell is also reported [32]. It is 
shown that high Li ion conductivity and mechanical strength of the 
artificial SEI could suppress the Li dendrites growth [32]. The phos
phazene molecule used in our study contain nitrogen (N) and phos
phorus (P) and fluorine (F) elements, and it is expected that during 
electrochemical cycling against Li metal, this molecule decompose and 
form Li-based compounds of Li3N, LiF, Li3P, and Li3PO4. In fact, these 
nanocrystals are known to possess high Li ion conductivity, high me
chanical strength and superior stability against the Li metal [17,34–36]. 
To the best of our knowledge, this is the first report on introducing N- 
and P-based Li species at Li|PEO interface or the SEI layer. Using cryo
genic transmission electron microscopy (cryo-TEM) coupled with energy 
dispersive X-ray spectroscopy (EDS) and X-ray photon spectroscopy 
(XPS) characterization, detailed structure and chemistry of the modified 
SEI layer was identified. The SEI layer derived from the phosphazene 
modified solid polymer electrolyte (P-SPE) is rich in Li3N, LiF, Li3P and 
Li3PO4 nanocrystals. Long-term stability of the unmodified SPE and 
P-SPE against Li metal was also investigated. P-SPEs show long-term 
stability against Li metal (up to 1800 cycles) at 0.2 mA cm‒2. Li||LFP 
cells made using the P-SPE display an initial capacity value of ~150 
mAh g−1 and ~120 mAh g−1 at 1C and 2C charge/discharge rate, 
respectively, with up to 80% capacity retention after 500 and 1000 
cycles, respectively, and >99% Coulombic efficiency. This superior 
electrochemical performance is attributed to the presence of N, F, and 
P-rich interface. Ab-initio molecular dynamics (AIMD) simulation indi
cate degradation of the phosphazene molecule into N, F, and P elements, 
which can form the Li3N, LiF, Li3P and Li3PO4 species in the presence of 
Li ions. The critical role of Li3N, LiF, Li3P and Li3PO4 in improving the 
electrochemical performance is supported by density functional theory 
(DFT) calculations. 

2. Results and discussion 

2.1. Synthesis and characterization of the control and modified SPEs 

The schematic illustration of the preparation of the C-SPE and P-SPE 

is shown in Fig. 1a-c. A photograph of the P-SPE punched into circular 
disk is also shown in Fig. 1d. Initially, the thermal and electrochemical 
properties of the C-SPE and P-SPE are investigated. The melting tem
perature (Tm) and crystallization temperature (Tc) obtained by DSC are 
shown in Fig. 1e. The P-SPE shows Tm~ 50 ◦C during heating cycle and 
Tc~ 16 ◦C during cooling cycle. These values are very similar to the C- 
SPE (Tm~ 52 ◦C, Tc~ 19 ◦C). Thus, it can be suggested that the low 
dosage of phosphazene additive within the SPE does not significantly 
influence mobility of the PEO polymer chains [37]. TGA also shows a 
similar thermal degradation pattern for both control and modified SPEs, 
further indicating no considerable change in the composition of SPEs by 
the addition of the phosphazene (Fig. 1f). Electrochemical stability of 
the SPEs is measured by CV from open-circuit voltage to 5 V as shown in 
Fig. 1g,h. The C-SPE is stable up to ~4.5 V, and the peak at ~4.5 V can 
be attributed to the irreversible oxidative degradation of PEO [27,38]. 
The CV curves of the P-SPE also show a small and a large electrochemical 
degradation signal at ~3.4 V and ~3.8 V, respectively. These peaks can 
be attributed to the electrochemical degradation of phosphazene addi
tive inside the P-SPE which match the signals observed by the LSV scan 
of pure phosphazene (Fig. S1). The electrochemical degradation of the 
phosphazene could lead to in situ formation of desired nanocrystals 
(Li3N, LiF, Li3P and Li3PO4) within the modified SEI layer. A similar 
electrochemical degradation of phosphazenes is reported elsewhere 
[39–44]. Furthermore, these peaks gradually disappear with further 
cycling, indicating constant degradation of the phosphazene additive 
inside the P-SPE (Fig. 1h). This denotes that the overall electrochemical 
stability window of the P-SPE is similar to that of the C-SPE within 
several electrochemical cycles (after full decomposition of the phos
phazene). This is because there is only 2 wt% of the phosphazene in the 
P-SPE and the electrochemical stability window of the P-SPE is mainly 
determined by PEO and LiTFSI rather than the phosphazene additive. 
Bulk Li ion conductivity of the SPEs is also measured at different tem
peratures, and the corresponding results are shown in Fig. 1h. According 
to the findings, the both the C-SPE and P-SPE show a similar ionic 
conductivity. 

2.2. Long-term stability of the control and modified SPEs against Li metal 

Li plating/stripping in symmetric Li|Li cells are explored using the C- 
SPE and P-SPE to evaluate the long-term stability of the engineered SPE 
against Li metal anode. Galvanostatic Li plating/stripping in symmetric 
Li|Li cells with the C-SPE and P-SPE are shown in Fig. 2a-c. Measure
ments are performed at 0.2 mA cm‒2 current density with 30 min of Li 
plating/stripping. As it can be seen, the voltage polarization is lower in 
the case of the P-SPE. The Nyquist plots for the fresh state (before 
cycling) of the Li|Li cell with the P-SPE, after the first charge, and after 
the final discharge are also illustrated in Fig. S2. As can be see, the cell 
impedance somewhat increases upon cycling, indicating no short-circuit 
of the Li|Li cell during cycling. Moreover, the interface between the Li 
metal anode and C-SPE seems unstable, leading to significant fluctua
tions in overpotential followed by a sudden drop and finally the cell 
short-circuit. These fluctuations can be attributed to the poor stability 
and Li ions conductivity of traditional SEI components (e.g. Li2O, 
Li2CO3) against Li metal [45]. It is also well-known that poor Li ion 
conductivity of the SEI layer leads to the formation of Li dendrites which 
can grow and cause in a short-circuit by penetrating through the SPE 
[46]. On the other hand, a long-term stability could be observed for the 
symmetric Li|Li cell with the phosphazene-modified SPE, indicating 
stable nature of the interface potentially due to the formation of SEI 
components with high stability and Li ion conductivity. In fact, previous 
reports demonstrate very stable nature of Li3N, Li3P, and Li3PO4 against 
Li metal and their high Li ion conductivity [15,19,20,47]. 

To explore the Li platting behavior in the C-SPE and P-SPE, topology 
and morphology of the deposited Li particles is investigated using 
symmetric Li|Li coin cells (Figs. 2d,e and S3). It is known that electro
deposition behavior of Li is affected by the electrolyte chemistry [48] 
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and the SEI structure and composition [48]. An uneven and heteroge
nous Li electrodeposition is observed in the case of the control SPE 
(Fig. 2d). Such morphology of Li electrodeposition is reported in several 
studies for PEO-based polymer electrolytes [49], which can be possibly 
correlated to the SEI layer at the Li|PEO interface which owns poor ionic 
conductivity, mechanical robustness and stability against the reactive Li 
metal. It is also important to note that this morphology can result in 
significant consumption of the electrolyte constituents, leading to the 
formation of thick SEI layer that raise the battery cell impedance and 
likelihood of internal short-circuit. These unfavorable incidents results 
in capacity loss and low Coulombic efficiency, and decreasing lifespan of 
LMBs [50]. In contrast to the control SPE, a uniform and even Li platting 
is observed in the case of the P-SPE (Fig. 2e) which can be ascribed to 
regulation of Li ions flux at the interface of Li metal anode and the 
polymer electrolyte. 

2.3. Chemical and structural analysis of the SEI layer at nanoscale 

To further understand the interface of Li metal with the SPEs, we 
investigated the SEI layer formed in the control and modified SPEs at 
nanoscale by cryo-TEM. In order to prepare the Li deposits for TEM 
investigation, Li is electrochemically deposited onto a bare Cu foil 
within a Li|Cu cell with the C-SPE and P-SPE, at current density of 0.5 
mA cm‒2. Fig. S4 shows voltage profiles of Li metal electrodeposition 
onto Cu foils for the control and modified SPEs. A voltage drop at the 
initial stage of the Li deposition followed by a flat plateau is observed, 
corresponding to the nucleation region (the nucleation overpotential) 
and the growth region (the plateau overpotential), respectively [51]. 
Magnitude of the nucleation overpotential defines the nucleation barrier 
between the Li and Cu for the electrodeposition. To evaluate Li ion 
transfer capability of the P-SPE, cycle performance of the Li|Cu cell with 
the P-SPE is also shown in Fig. S5. As can be seen, the P-SPE shows high 

Fig. 1. Synthetic procedure for the SPEs preparation. (a,b) Schematic illustration of preparation and casting of the SPE precursor. (c) Dispersing the phosphazene 
additive into the SPE after removing the solvent under vacuum. (d) Semicrystalline P-SPE made of the phosphazene modified PEO-LiTFSI SPE, and schematic 
illustration of its molecular structure. (e) DSC curve of the C-SPE and the P-SPE. The data shown are for the second heating cycle at heating rate of 10 ◦C/min. (f) TGA 
curves of the C-SPE and the P-SPE. CV scans of the C-SPE (g) and the P-SPE (h) from open-circuit voltage to 5 V. Inset at (h) shows magnified CV curves of the P-SPE 
between 3.2 V and 4 V. (i) Temperature-dependent Li-ion conductivity of the C-SPE and the P-SPE. 
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Li ions transferability as indicated by the high Li stripping/platting ef
ficiency and low cell polarization. Cryo-TEM was performed to identify 
the chemistry and structure of the SEI layer formed in the C-SPE and 
P-SPE. Figs. 3a and 4a exhibit the cryo-TEM images of the Li metal de
posits onto the Cu grid in the C-SPE and P-SPE, respectively, after the 
first Li discharge (platting). The SEI layer formed in the C-SPE shows a 
mosaic-type nanostructure, whereas Li-based inorganic nanocrystals are 
embedded within an amorphous organic/polymeric phase (Fig. 3b) [48, 

52,53]. It is well-known that inorganic and organic decomposition 
products derived from the electrolyte can be heterogeneously distrib
uted throughout the SEI, forming a mosaic-type microphases containing 
both crystalline and amorphous phases [54]. The presence of crystalline 
nanograins is also confirmed by selected fast Fourier transform (FFT) 
pattern illustrated in Fig. 3c. High resolution TEM (HRTEM) images 
were also captured to study nanostructure and chemistry of the Li|C-SPE 
interface. HRTEM images of the crystalline inorganic grains of the SEI 

Fig. 2. (a) Overpotential profile of Li|Li cells with the C-SPE and the P-SPE. Magnification of voltage profiles for 1st–5th cycles (b) and 85th-90th cycles (c). Cycling 
is performed at constant current density of 0.2 mA cm‒2 for plating/stripping time of 30 min, at 80 ◦C. SEM images of the surface of Li metal anode after five Li 
plating/stripping cycles in the C-SPE (d) and P-SPE (e). Li platting is performed at a constant current density of 0.2 mA cm‒2 for 30 min of plating/stripping time, 
at 80 ◦C. 
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are identified to be mainly composed of Li2O, LiF and Li2CO3 by 
matching the corresponding lattice spacings (Fig. 3d-f). Lattice spacings 
of 2.66 Å, 2.3 Å and 3.8 Å match well with (200), (111), and (111) 
planes of Li2CO3, Li2O, and LiF, respectively. Moreover, the rings 
observed in the FFT patterns of the high-resolution images (Fig. 3g-i) 
further indicate the presence of Li2CO3, Li2O, and LiF nanocrystals in the 
SEI layer. The ceramic-like crystalline grains of LiOH, Li2O, and Li2CO3 
are known to own low bulk Li ion conductivity, making Li ions con
duction pathways to mostly present at the nanocrystals-polymer inter
face [53,55]. 

The SEI layer formed at the Li|P-SPE interface also shows a mosaic 
structure where traditional Li-based nanocrystals (Li2O, LiOH, Li2CO3, 
and LiF) are embedded in an amorphous organic/polymeric phase 
(Fig. 4b,c). In contrast to the SEI layer in C-SPE, the Li|P-SPE interphase 
is rich in Li3N, Li3P, and Li3PO4. These nanocrystals are known to 

possess high Li ion conductivity, high mechanical strength and superior 
stability against Li metal (Table S2) [19,47,56]. The presence of crys
talline nanograins is also confirmed by FFT patterns (Fig. 4c). Particu
larly, the indexed crystal structures of Li3N, Li3P, and Li3PO4 are 
presented in Fig. 4d-f. Using the FFT patterns (Fig. 4g-i), Li3N, Li3P, and 
Li3PO4 with d-spacings of 3.8 Å, 3.3 Å, 3.6 Å and 5.2 Å and lattice 
aligning along (001), (101), (010) and (011), respectively, are identified 
[51,54,57]. It should be noted that in contrast to the SEI layer in the 
C-SPE being mostly amorphous (Fig. 3b,c), the phosphazene-modified 
SEI layer consists of abundant crystalline nanograins (Fig. 4b,c). Thus, 
it can be expected that the engineered interface with high ionic con
ductivity leads to a significant improvement in Li ions transport at the 
interface, resulting in an enhanced electrochemical performance and 
lifespan of LMBs. Furthermore, and considering the higher stability 
against Li metal and higher mechanical strength of the modified SEI 

Fig. 3. Nanostructure of the electrochemically deposited Li metal and the corresponding SEI layer in the Li|C-SPE interface after the first Li platting. (a) Cryo-TEM 
image of electrochemically deposited Li particle at a low magnification. (b) HRTEM showing distribution of the components of the SEI. (c) The corresponding FFT 
pattern of the region shown in (b). Representative HRTEM and FFT pattern of Li2CO3 (d, g), Li2O (e, h), and LiF (f, i) in the SEI layer. 
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components (Table S2), the engineered SEI can boost the electro
chemical performance and lifespan of LMBs. 

2.4. Surface elemental analysis of the SEI layer on the Li metal anode 

By employing scanning transmission electron microscopy (STEM) 
coupled with EDS in cryo-TEM, the elemental distribution of C, N, O, F, 
and P in the SEI layer is spatially mapped (Figs. S6 and S7). A significant 
difference in the chemical composition can be identified for the SEI film 
formed in the C-SPE and P-SPE. XPS analyses (Figs. 5a-e, S8) were 
performed to further investigate the elemental composition of the sur
face of the Li metal anode within Li||LFP cells with control and modified 
SPEs after 100 charge/discharge cycles. The XPS results for N1s, F1s, 
and P2p are shown in Fig. 5a-e, and the XPS results for Li1s, C1s and O1s 

are shown in Fig. S8. Based on the findings and consistent with the cryo- 
TEM results, both the Li|C-SPE interface and the Li|P-SPE interface are 
composed of LiOH, Li2O, Li2CO3, Li3N, and LiF. Deconvolution of the 
N1s peak for the C-SPE exhibit two peaks at ~401 eV and ~402 eV, 
corresponding to NSOx and Li3N, respectively. The NSOx and Li3N peaks 
originate from decomposition of the LiTFSI salt in the C-SPE. A similar 
result is obtained in the case of P-SPE for the N1s peak after deconvo
lution. However, Li3N to NSOx ratio is significantly higher in the case of 
P-SPE when compared to the C-SPE. The higher ratio of Li3N nano
crystals formed at the Li metal|P-SPE interface denotes the formation of 
Li3N by phosphazene decomposition within the P-SPE. Deconvolution of 
the F1s peak for the C-SPE exhibits two peaks at ~688 eV and ~692 eV, 
corresponding to C-F and LiF, respectively. The LiF in SEI layer formed 
in PEO-based polymer electrolytes is also shown by cryo-TEM and XPS 

Fig. 4. Nanostructure of electrochemically deposited Li metal and the corresponding SEI in Li|P-SPE interface after the first Li platting. (a) Cryo-TEM image of 
electrochemically deposited Li particles at a low magnification. (b) HRTEM showing distribution of the components of the SEI. (c) The corresponding FFT pattern of 
the region shown in (b). Representative HRTEM images and FFT patterns of Li3N (d, g), Li3PO4 (e, h), and Li3P (f, i) in the SEI layer. 
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studies elsewhere [52,53]. It is also important to note that similar to the 
cryo-TEM results, our XPS results also show that the SEI layer formed in 
the P-SPE is richer in Li3N and LiF when compared to the SEI layer 
formed in the C-SPE. Furthermore, the presence of phosphorous-based 
peak in the case of the P-SPE further indicates the electrochemical 
decomposition of the phosphazene additive in the P-SPE. Deconvolution 
of P 2p peak shows two peaks at ~137 eV and ~138 eV, corresponding 
to Li3P and Li3PO4, respectively. The XPS results is agreement with the 
cryo-TEM results at which the SEI layer formed in the P-SPE is highly 
crystalline and rich in Li3N, LiF, Li3P and Li3PO4 nanocrystals. 

A schematic illustration of the morphological features of electro
chemically deposited Li and chemistry of the Li|C-SPE and Li|P-SPE 
interfaces is shown in Fig. 5f. Due to numerous advantages including 
low electronic conductivity, high electrochemical stability, high me
chanical modulus, low energy barrier for Li ions surface conductivity 
and diffusion, LiF, Li3N and Li3P are among the most desired component 

in SEI [53,58]. Enhancement in electrochemical performance with 
LiF-rich and Li3N-rich interfaces is reported in previous studies [52,53, 
57,59]. It is shown that low energy barrier for Li ions diffusion at LiF 
surface promotes Li ions migration along LiF-surface, regulating the 
homogeneous of Li ions flux. While bulk LiF crystals are poor Li ion 
conductors (Table S2), its interfaces with other crystalline grains in the 
SEI (e.g. Li2O, Li2CO3) at the nanoscale is shown to possess high Li ion 
conductivity [53,55]. Furthermore, nanostructured LiF in the SEI is also 
reported to induce uniform diffusion field gradient in Li metal electrode 
[48]. 

2.5. Theoretical simulations for the phosphazene decomposition over the 
Li metal surface 

The cryo-TEM (Fig. 4) and XPS (Fig. 5) results confirm the formation 
of LiF, Li3N, Li3P, Li3PO4 in the SEI layer. Indeed, phosphazene is the 

Fig. 5. The XPS analysis of the Li electrode surface obtained from Li||LFP cells with the C-SPE and the P-SPE after 100 charge/discharge cycles. Li3N and LiF 
identification in the SEI layer formed in the C-SPE (a,b) and Li3N, LiF, Li3P, Li3PO4 identification in the SEI layer formed in the P-SPE (c-e). Dark solid line indicates 
the fitting line. (f) Schematic illustration of Li platting and the SEI layer formation in the C-SPE and P-SPE. 
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source of N, F, and P elements when decomposed, which in combination 
with Li ions leads to the formation of LiF, Li3N, Li3P and Li3PO4 com
pounds. For this reason, AIMD simulations were performed to better 
understand the mechanism of the formation of the aforementioned 
compounds as a result of phosphazene decomposition over the Li (110) 
surface. The formation of Li (110) surface was identified experimentally 
(Fig. 3), thus it was taken as a basis for phosphazene decomposition. 
Firstly, Li (110) surface was created after DFT optimization of Li bcc 
bulk structure, followed up by AIMD simulations of vertical (Fig. 6a) and 
horizontal (Fig. 6b) phosphazene orientation over Li (110) surface. 
These two scenarios are designed to mimic a random phosphazene po
sition with respect to Li (110) surface. In both vertical and horizontal 
cases, phosphazene binds to Li surface through Li‒F bonding stretching 
ca. 1.9 Å from the surface. The AIMD simulations indicated that the 
vertical orientation is slightly more favorable than the horizontal one 
due to four Li‒F bonds (Fig. 6a). However, the decomposition of both 
orientations leads to the formation of LiF as shown in the far-right pic
tures of Fig. 6. The complete sequence of decompositions shown in 
Fig. 6a and 6b depicts four distinguished geometries of the initial 
structures (0 fs), after 50 fs (second column), after 150 fs (third column), 
and the final structure after 600 fs (fourth column). After 50 fs P‒F 
bonds break and new Li (110)‒F bonds are formed. In addition, for the 
horizontal orientation (Fig. 6b), the beginning of Li (110)‒O bond for
mation could be observed. After 150 fs the formation of LiF for both 
orientations could be visible with the bond length between Li and F 
atoms equals to 2.0 Å, perfectly matching LiF fcc structure with Li‒F 
bond length of 2.01 Å. At this time step, the decomposition of the hor
izontal orientation of phosphazene leads to the formation of Li2O, which 
is not observed for the vertical orientation. On the other side, the vertical 
position of the phosphazene leads to the formation of Li3N and Li3P. 
After 600 fs of AIMD simulations several LiF components are formed for 
both orientations, and restructuring of Li3N, Li3P and Li2O is also 
observed. Hence, it could be concluded that the decomposition of the 
phosphazene over Li surface surely leads to the formation of Li2O, LiF, 
Li3N, and Li3P (Fig. 3). Similar behavior is also reported by Bai et al. 
which observe the spontaneous reaction of phosphazene with the Li 
metal anode [32]. Using DFT calculation, the LUMO energy of phos
phazene was found to be lower than the electrochemical potential of Li 
metal. This indicates that the Li anode electrons could spontaneously be 

transferred to unoccupied orbital of the phosphazene, causing its 
degradation. 

The formation of Li3PO4 was not observed in our AIMD simulations. 
We have considered several scenarios with the extended slabs and 
phosphazene orientations, however, the formation of Li3PO4 was not 
detected. Two most plausible reasons are that Li3PO4 forms under 
different conditions or after extended period of time, which is not 
possible in the accurate AIMD simulations. We have further conducted 
the DFT calculations to evaluate the stability of grain boundary (GB) 
formed between the AIMD species (Fig. S9). Specifically, the GB between 
Li (110) and Li2O (111), Li (110) and LiF (200), Li (110) and LiF (111), Li 
(100) and Li3N (0001) and Li (110) and Li3P (1011) were explored. It 
should be noted that all of these surface orientations were identified 
experimentally by Cryo-TEM (Figs. 3 and 4). Among five considered 
GBs, the most stable GB with the energy of 0.412 J m‒2 is the GB be
tween Li (110) and Li2O (111), follow up by Li (110) and LiF (200) 
(0.485 J m‒2), Li (110) and LiF (111) (0.509 J m‒2), Li (110) and Li3P 
(1011) (0.632 J m‒2) and Li (110) and Li3N (0001) (0.658 J m‒2). Lower 
value of GB energy describes a stronger cohesive bonding between the 
two grains in contact. Comparing the obtained five GB energetics, we 
can conclude that all of them are nominally stable considering their 
small difference. These DFT calculation results are in agreement with the 
similar GB structures (although with different surface orientation) ob
tained by Ramasubramanian et al. [55]., who performed various DFT 
calculation to identify stable GBs in Li|SEI. 

2.6. Long-term cycle performance of LMBs with the control and modified 
SPEs 

The long-term cycle performance of LMBs (cathode mass loading of 
~2 mg cm−2) with the control and modified SPEs is exhibited in Fig. 7. 
The corresponding charge/discharge profiles of the Li||LFP cells with 
the control and modified SPEs are also shown in Figs. S10 and S11. The 
long-term cyclability results indicate that the Li||LFP cell with the C-SPE 
delivers an initial capacity of ~130 mAh g‒1 with less than 30% capacity 
retention after 500 cycles at 1C charge/discharge rate (Fig. 7a). The 
charge/discharge profile of the Li||LFP cell with the C-SPE (Fig. S12) 
indicates that the LMBs can reach to the theoretical capacity at low 
charge/discharge rate. In contrast, Li||LFP cell with the P-SPE (Fig. 7b) 

Fig. 6. The AIMD simulation results depicting vertical (a) and horizontal (b) phosphazene decomposition over the Li (110) surface, leading to LiF formation. Red 
spheres are the O atoms, lavender spheres denote Li atoms, green spheres are F atoms, blue spheres illustrate N atoms and orange spheres are P atoms. 
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Fig. 7. Long-term cycle performance of LMBs with the 
C-SPE and the P-SPE. (a) Cycle performance of Li||LFP 
cells with the control and modified SPEs at 1C charge/ 
discharge rate. The LFP cathode mass loading is ~2 mg 
cm−2. (b) Cycle performance of Li||LFP cells with the 
control and modified SPEs at 2C charge/discharge rate. 
The LFP cathode mass loading is ~2 mg cm−2. (c) Cycle 
performance of Li||LFP cells with the control and 
modified SPEs at 1C charge/discharge rate. The LFP 
cathode mass loading is ~4.5 mg cm−2. (d) Cycle per
formance of Li||LFP cells with the control and modified 
SPEs at 2C charge/discharge rate. The LFP cathode 
mass loading is ~4.5 mg cm−2.   
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shows low voltage polarization and an initial capacity of ~150 mAh g‒1 

and up to 80% capacity retention after 500 cycles at 1C charge/ 
discharge rate. Similar results are observed for the LMBs cycled at 2C 
charge/discharge rate. In particular, the Li||LFP cells with the C-SPE and 
P-SPE show an initial charge/discharge capacity of ~120 at 2C charge/ 
discharge rate. While ~80% capacity retention is observed for the LMB 
with P-SPE after 1000 cycles, the LMB with the C-SPE fails (less than 5% 
capacity retention). The cycle performance of Li||LFP cells (the cathode 
mass loading of ~4.5 mg cm−2) with the C-SPE and P-SPE is also shown 
in Fig. 7c,d. The corresponding charge/discharge profiles are also shown 
in Figs. S13 and S14. As can be seen, the Li||LFP cells with the P-SPE 
deliver specific capacity of ~140 mAh g−1 and ~120 mAh g−1 at 1C and 
2C charge/discharge rates, respectively. These capacity values are 
higher than the Li||LFP cells with the C-SPE. In contrast to the full cell 
with the C-SPE which fails after around 50 cycles, the full cell with the P- 
SPE demonstrates an almost full capacity retention after 100 cycles at 1C 
and 2C charge/discharge rates, respectively. Our reported lifespan for 
LMBs for the developed P-SPE exceeds the lifespan for majority of the 
LMBs with solid-state electrolytes reported in recent years (see Table S3 
and Table S4 for comparison) [60–63]. Furthermore, the Li||LFP cell 
with the commercial LFP (cathode mass loading of ~7.1 mg cm−2) also 
delivers a specific capacity of ~180 mAh g−1 with full capacity retention 
after 20 cycles at 0.2C charge/discharge rate (Fig. S15). The superior 
cycle performance of LMB with the phosphazene-modified SPE can be 
attributed to favorable chemistry and structure of SEI layer at the 
interphase of Li metal and SPE. The enrichment of the SEI layer with 
nanocrystals that own high Li ion conductivity, high mechanical 
strength and superior stability against Li metal promote a smooth or 
dense Li deposition, as well as facilitating Li ions transport which en
ables uniform Li platting. 

3. Conclusion 

In summary, we engineered a stable SEI layer with high Li ion con
ductivity at the interface of Li metal and PEO-based SPE. This is ach
ieved by adding the phosphazene additive to the SPE which could 
decompose at ~3 V, leading to in situ nitriding, fluorinating, and phos
phating of the SEI layer. In contrast to the C-SPE, a uniform and non
dendritic Li electrodeposition in the phosphazene-modified SPE is 
observed. Using cryo-TEM, we identified the nanoscale chemistry and 
structure of the SEI layer formed in the battery cells with the C-SPE and 
P-SPE. The SEI layer in the case of C-SPE exhibit a mostly amorphous 
mosaic-type SEI layer that is expected to own poor Li ion conductivity. In 
contrast, the mosaic-type SEI layer formed in the case of P-SPE is found 
to be highly crystalline and rich in Li3N, LiF, Li3P and Li3PO4 nano
crystals. The decomposition of phosphazene molecules and formation of 
such Li compounds were also confirmed experimentally by XPS and 
further verified by AIMD calculations. Owning to low Li ion diffusion 
barrier, high stability against Li metal, high mechanical strength, and 
superior electronic insulation, Li3N, LiF, Li3P and Li3PO4 are considered 
to be excellent interfacial components for Li batteries. We believe the 
presence of these stable crystallites with high ionic conductivity leasd to 
effective regulation of Li ions transport, resulting in uniform Li platting. 
The Li|Li cells with the P-SPE illustrate a low voltage polarization at 0.2 
mA cm−2 current density and long lifespan (1800 cycles). Furthermore, 
the Li||LFP cells with the P-SPE display a specific capacity of ~150 mAh 
g−1 and ~120 mAh g−1 at 1C and 2C charge/discharge rates, respec
tively, with up to 80% capacity retention after 500 and 1000 cycles, 
respectively, and >99% Coulombic efficiency. 

Overall, tuning the electrolyte composition is considered one of the 
most effective approaches to tailor the SEI layer properties and elon
gating LMBs lifespan. The simple and effective approach in this study to 
modify the SEI layer at nanoscale offers new insights for polymer elec
trolytes research. 

4. Experimental section 

4.1. Materials 

Polyethylene oxide (PEO) with molecular weight of 1000,000 g/mol, 
anhydrous acetonitrile, polyvinylidene fluoride (PVdF) with molecular 
weight of 534,000 g/mol, and N-Methyl-2-pyrrolidone (NMP) are pur
chased from Fisher Scientific. Lithium bis(trifluoromethanesulfonyl) 
imide (LiTFSI) is purchased from Sigma-Aldrich. Li metal disk, super-P 
carbon black (+99%), and ethoxy(pentafluoro)cyclotriphosphazene 
are purchased from Alfa Aesar. Lithium iron phosphate (LFP) is pur
chased from MTI. 

4.2. Solid polymer electrolyte (SPE) preparation 

PEO (1 g) and LiTFSI (0.45 g) are dissolved in 20 ml acetonitrile at 60 
◦C and the resulting mixture is stirred for at least 24 h. Then, the 
resulting solution is casted into a PTFE petri dish and dried at 60 ◦C 
under vacuum. To synthesize the modified SPE, a similar procedure is 
used except 2 wt.% ethoxy(pentafluoro)cyclotriphosphazene is 
dispersed into the PEO-LiTFSI SPE. The control PEO-LiTFSI SPE (C-SPE) 
and phosphazene-modified PEO-LiTFSI SPE (P-SPE) are stored in Ar- 
filled glove box. Thickness of the SPEs is approximately 100 μm. 

4.3. Cell design 

For electrolyte stability test, Li||Li symmetric cells are prepared by 
sandwiching the SPEs between two symmetric Li disks. Similarly, Li|| 
LFP cells are prepared using a Li disk, a LFP electrode and the control 
and phosphazene-modified SPEs. To prepare LFP cathode, a homoge
nous slurry consisting of 70 wt.% LFP, 15 wt.% Super-P carbon black, 
and 15 wt.% PVdF in NMP solvent is casted onto Al current collector by 
a doctor blade coating machine. The resulting film is dried at 60 ◦C for 
1 hour and then 80 ◦C for 24 h under vacuum and cut into circular disks 
using a punch machine. Two different LFP cathodes with the active 
material mass loadings of ~2 mg cm−2 and ~4.5 mg cm−2 are prepared. 
Furthermore, the Li||LFP cell with the commercial LFP (cathode mass 
loading of ~7.1 mg cm−2, NEI) is also prepared. 2032 coin-type cells are 
assembled inside the glove box. 

4.4. General characterization 

Differential scanning calorimetry (DSC) is performed on TA In
struments DSC Q2000 at temperature range of −90 to 100 ◦C (±0.1% 
precision) with heating rate of 10 ◦C/min. Thermogravimetry analysis 
(TGA) is carried out using TA Instruments TGA Q5000 by heating the 
samples at a heating rate of 10 ◦C/min under N2 gas atmosphere. Small 
SPEs with approximately 5–10 mg were cut and added to the DSC and 
TGA pans. Scanning electron microscopy (SEM) images are collected 
using a JEOL JSM-IT500HR field emission microscope operated at an 
accelerating voltage of 5 kV. The Li disks containing electrochemically 
deposited Li is prepared inside the glove box for SEM characterization by 
disassembling the symmetric Li|Li coin cells after five cycles of Li plat
ting/stripping at 0.2 mA cm−2. Dried samples are sealed in hermetic 
vials inside the glove box and are transferred for SEM analysis. X-Ray 
photoelectron spectroscopy (XPS) is performed on Thermo Scientific 
ESCALAB 250Xi. XPS spectra are collected using a monochromatized Al 
Kα radiation under a base pressure of 10−9 Torr. To avoid exposing the 
samples to moisture and air, samples are first loaded into an air-free XPS 
chamber inside the glove box and then transferred inside the XPS 
spectrometer. Survey scans are performed with a step size of 1.0 eV, and 
high-resolution scans with 0.1 eV resolution are collected for lithium 
(Li) 1 s, carbon (C) 1 s, oxygen (O) 1 s, nitrogen (N) 1 s, fluorine (F) 1 s, 
and phosphorous (P) 2p regions. Cryo-TEM images are recorded on a 
JEOL ARM200CF TEM, equipped with a Gatan Oneview camera oper
ated at 200 kV. Li is electrochemically deposited onto carbon-coated Cu 
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grid placed on top of Cu foil within Li|C-SPE|Cu and Li|P-SPE|Cu coin 
cells. A constant current density of 0.2 mA cm‒2 is applied. After Li 
electrodeposition, the coin cells are disassembled in the glove box and 
TEM grid is detached from the Cu foil and rinsed with 1,3-dioxolane to 
remove trace electrolyte. Then, the Li metal deposited Cu grid is placed 
into a cryo grid box, and the grid box is placed in a vial container and 
sealed inside the glove box. The TEM grid then is immersed into liquid 
nitrogen and mounted onto a single-tilt Gatan 626 liquid nitrogen cryo- 
holder (Gatan, USA) using a cryo-transfer workstation. The cryotransfer 
station is used to ensure that the grid is under cryogenic and liquid ni
trogen environment throughout the transfer process to keep the spec
imen in its native state. 

4.5. Electrochemical test 

Electrochemical tests are performed on BioLogic VMP3 potentiostat 
and Neware CT-4008 battery tester. All electrochemical experiments 
including electrochemical impedance spectroscopy (EIS), linear sweep 
voltammetry (LSV), electrolyte stability tests using Li|Li coin cells and 
cycle tests using Li||LFP coin cells are performed at 80 ◦C, unless it is 
stated. Electrochemical stability window of the polymer electrolytes and 
the phosphazene additive is evaluated by LSV and CV using a stainless 
disk as the working electrode and a Li disk as the counter and reference 
electrode. The voltammograms are recorded between open-circuit 
voltage up to 5 V (vs. Li|Li+) at a sweep rate of 0.5 mV s−1. For Li 
ions conductivity tests using EIS, the electrolytes are sandwiched be
tween two stainless-steel discs with 15 mm diameter as blocking elec
trodes. The EIS data is collected in the frequency range of 1 MHz to 100 
mHz in a temperature range from 20 ◦C to 100 ◦C, regulated by a climate 
chamber. The Li ion conductivity is calculated using the equation σ = L/ 
Rb × S, whereas σ is the Li ion conductivity (S cm−1), Rb is the bulk 
electrolyte resistance (Ω), L is the thickness of the electrolyte (cm), and S 
is the surface area of the electrolyte in contact with the stainless-steel 
disk. The long-term stability against Li metal for the C-SPE and P-SPE 
are measured on symmetric Li|Li cells under a constant current density 
of 0.2 mA cm−2, with a 30 min platting/stripping for each cycle. Long- 
term cycle performance of Li||LFP cells made using the C-SPE and P-SPE 
are tested at 1C and 2C charge/discharge rates with a voltage cut-off of 
4 V and 2.5 V for charging and discharging, respectively. The rate per
formance of the C-SPE and P-SPE at different charge/discharge rates is 
also explored. 1C-rate corresponds to a current density of around 160 
mAg−1. 

4.6. Computational details 

Ab-initio molecular dynamics (AIMD) and DFT simulations are per
formed using the Vienna Ab Initio Simulations Package (VASP) [64] 
code using the generalized-gradient approximation (GGA) [65] via the 
PBE (Perdew, Burke, and Ernzerhof) [66] functional to take into 
consideration the exchange-correlation effects. The system expands in x 
and y directions, while z direction is chosen to be perpendicular to the Li 
surface. The AIMD simulations were performed for 600 fs under the 
canonical ensemble (NVT) condition with Nosé-Hoover chain thermo
stat at 300 K and time step of 1 fs. For all calculations, a cutoff energy of 
450 eV is used. The electronic and ionic self-consistent convergence was 
set to 10−4 and 10−3 eV, respectively. A Gaussian smearing with the 
width of 0.05 eV was employed to improve self-consistent convergence. 
The Li (110) surface was created using a slab method from the optimized 
Li bulk ground-state structure. The Gamma k-point only sampling of the 
Brillouin zone was used for AIMD calculations, while 2 × 2 × 1 sampling 
was used for Li (110) optimization. 

The experimentally observed different surface orientations of Li2O, 
LiF, Li3N and Li3P grains are cleaved to form the GBs and are optimized 
(i.e., the minimization of total energy) until energy converting criteria 
are met. The GB energy is evaluated using the optimized ground state GB 
structure. The GB energy is calculated using the following equation: 

γGB =
EG1/G2

GB − NG1EG1 − NG2EG2

2S
, (1)  

where, γGB is the GB energy; EG1/G2
GB is the total energy of the relaxed GB 

structure formed by joining two cleaved interfaces; EG1 and EG2 are the 
bulk energies of two jointed structures (e.g., Li2O (111) and Li (110); 
NG1 and NG2 are number of unit cells of first and second grain, respec
tively, and S is the surface area of the G1 and G2 interface. For all cal
culations at least 15 Å vacuum space is used. Additionally, in order to 
ensure that the slab thickness is chosen properly and represents the 
properties of the macroscopic crystal structure, the GB energy is calcu
lated for two different slab thicknesses. In general, depending upon the 
system, the GB energy changes by ca. 2% comparing to the increase of 
the slab thickness by the length of one unit cell. For all DFT and AIMD 
calculations, the Atomistic Tool Kit (ATK)40 “Interface Builder” tool is 
used, which allows to analyze all possible interphases between two 
slabs. The ATK algorithm for the GB formation considers all possible 
repetitions and rotations (with every 2◦ steps) of the two given surfaces 
in order to find a common supercell with the lowest strain. Since there 
are several possibilities between two different grains of the SEI, we apply 
specific selection conditions, i.e., the interphase width should be ~2 Å, 
and the strain of each surface should be less than 5%. 
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