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ABSTRACT: Efforts to develop polymer precursor electrolytes that
offer properties anticipated to be similar or superior to (lithium
phosphorus oxynitride, LiPON) glasses are reported. Such precursors
offer the potential to be used to process LiPON-like thin glass/ceramic
coatings for use in all solid state batteries, ASBs. Here, LiPON glasses
provide a design basis for the synthesis of sets of oligomers/polymers
by lithiation of OP(NH2)3−x(NH)x [from OP(NH)3],OP-
(NH2)3‑x(NHSiMe3)x and [PN]3(NHSiMe3)6−x(NH)x. The result-
ing systems have degrees of polymerization of 5−20. Treatment with
selected amounts of LiNH2 provides varying degrees of lithiation and
Li+ conducting properties commensurate with Li+ content. Polymer
electrolytes impregnated in/on Celgard exhibit Li+ conductivities up
to ∼1 × 10−5S cm−1 at room temperature and are thermally stable to ∼150 °C. A Li−S battery assembled using a Li6SiPON
composition polymer electrolyte exhibits an initial reversible capacity of 1500 mAh gsulfur

−1 and excellent cycle performance at 0.25
and 0.5 C rate over 120 cycles at room temperature.
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1. INTRODUCTION

Traditional Li+ batteries employ molecular electrolytes
dissolved in organic solvents imposing battery design and
size restrictions that have inherent safety risks and constrain
service temperatures.1,2 In contrast, solid-state electrolytes
offer the potential to reduce overall battery footprints thereby
increasing energy densities coincident with improved safety.3−5

However, most solid electrolytes suffer from low ionic
conductivities or limited stability windows. Lithium phospho-
rus oxynitride glass (LiPON) is a commonly used solid-state
electrolyte. Since its discovery in the early 1990s by Bates et
al.,6,7 the material has received increasing attention due to its
broad electrochemical stability window (0−5 V vs Li+/Li),8−10

reasonable conductivity (10−6 S cm−1),8−11 and negligible
electronic conductivity (10−7 μS cm−1).1,10

LiPON solid electrolytes enable ASB thin film batteries.1

LiPON thin films are typically processed by radio frequency
magnetron sputtering (RFMS) deposition of lithium silicates
and lithium phosphate in Ar or N2 atmospheres.8,12 Other
synthesis methods include pulse laser deposition (PLD),13

electron-beam (EB) evaporation,14 ion beam assisted deposi-
tion (IBAD),15 plasma-assisted direct vapor deposition (PA-
DVD),16 ion beam sputtering (IBS),17 and plasma-enhanced
metallo-organic chemical vapor deposition (MOCVD).18

Table 1 summarizes the properties of a variety of LiPON
materials produced by vacuum deposition.

The main limitation to gas phase deposition methods
centers on their low deposition rates limiting their utility for
fabricating large surface area substrates or multiple targets
simultaneously. For example, RFMS deposition rates are often
<3.0 nm min−1,12,16,19 PLD films deposition rates range from
13.3 to 50 nm min−1,13,16 while those processed using IBAD
can approach 70 nm min−1.15,16 Additionally, controlling the
extent and uniformity of Li3PO4 nitridation can be challenging.
Sputtering is also limited to depositing high quality films on
3D geometries.20 To overcome these obstacles, researchers
have been developing alternative deposition techniques, i.e.,
atomic layer deposition (ALD) for fabrication of uniform, thin,
and conformal LiPON films.21 Unfortunately, these methods
all require a specialized apparatus to control deposition
atmospheres, rates, film properties, and coating uniformity.
As such, they represent an expensive step in fabricating ASBs
which makes it challenging for commodity applications.
In contrast, polymer precursors that melt or are soluble offer

a facile, low cost alternative as they permit application in liquid
format; easy to control and scale. Polymer precursor methods
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of processing ceramics are the subject of multiple reviews.22−26

However, to our knowledge, no one has sought to apply this
approach to processing thin LixPON films for battery
applications. This then represents the motivation for the
work reported here: to develop and optimize scalable
precursors to LixPON-like materials that overcome the
above-mentioned obstacles.
Additionally, studies have shown that doping LixPON with

Si improves ionic conductivity.6,27−29 Lee et al.27,28 report that
introducing Si lowers activation energies increasing conductiv-
ities up to 10−5 S cm−1. Su et al.29 prepared LixSiPON with
different compositions by RFMS. The highest conductivity
found at ambient was ∼1 × 10−5 S cm−1 with an activation
energy ∼0.41 eV at Si:P = 1:1. This provides the impetus to
include LixSiPON precursors in our repertoire as presented
below.
Furthermore, if we assume that oxygens with two lone

electron pairs and higher electronegativity may bind Li+ more
tightly than nitrogen with only one electron pair and a lower
electronegativity, then it seems logical to explore using a
polymer based solely on phosphorus and nitrogen leading to
our studies on LixSiPHN precursors.
Thus, LiPON glasses provide a design basis for synthesizing

sets of oligomers/polymers by lithiation of OP(NH2)3−x(NH)x
[from OP(NH)3], OP(NH2)3−x(NHSiMe3)x, and [P =
N]3(NHSiMe3)6−x(NH)x. The resulting systems have degrees
of polymerization of 5−20. Treatment with selected amounts
of LiNH2 provides varying degrees of lithiation and Li+

conductivities commensurate with Li+ content. The objective
here was to characterize the electrochemical and physical
properties of the polymers through electrochemical impedance
(EIS), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR),
matrix-assisted laser desorption/ionization (MALDI), and X-
ray photoelectron spectroscopy (XPS).
Coincidentally we explored using these LixPON emulating

oligomers/polymers as Li+ electrolytes and as stable interface
between Li and a sulfur-based cathode (SPAN).30 The
theoretical energy density of Li−S systems (∼2600 Wh
kg−1)31 is 5× higher than traditional Li-ion systems.32−34

The combination of abundant, inexpensive, nontoxic, and
environmentally attractive features makes Li/S a promising
next-generation energy storage technology.35−37 The stability
of the Li−S cell at high c-rates (0.5C) and over long cycle
times (>120) appears to arise, at least in part due to the
electrochemical stability of the LixSiPON emulating polymer
electrolyte.

2. EXPERIMENTAL SECTION
The first step in developing precursors is to realize simple, low cost,
minimal step syntheses easily modified to allow exploration and
thereafter control of both precursor properties and processing
conditions. The following briefly describes our exploration of selected
synthetic approaches.

2.1. Preparation of Polymer Precursors. Phosphorus oxy-
chloride (OPCl3) and hexamethyldisilazane [NH(SiMe3)2] were
obtained from Alfa Aesar. Sodium amide (NaNH2) and lithium amide
(LiNH2) were obtained from Acros Organics. Hexachlorophospha-
zene (Cl6N3P3) was purchased from abcr GmbH. All chemicals were
used as-received. All reactions were conducted under N2.

The polymer precursors are synthesized in two steps. The first step
is to substitute the −Cl in the phosphorus source (OPCl3 or Cl6N3P3)
with −NH2 (from NaNH2) or −NHSiMe3 [from NH(SiMe3)2]
producing byproduct NaCl or Me3SiCl (Table S1 of the Supporting
Information, SI). It is followed by lithiation from the lithium source
LiNH2. Table S2 lists LiNH2 amounts and properties of as-
synthesized precursors. Distilled Tetrahydrofuran (THF) is used as
the solvent. All syntheses are done under N2 in Schlenk flasks. The
detailed polymer precursor synthesis can be found elsewhere.38

On the basis of precursor design criteria described previously,22,39

three LiPON-like precursors were synthesized. The simplest approach
uses oligomeric OP(NH2)3 which, following lithiation, has only those
elements needed to produce LiPON. A second precursor incorporates
Si for the reasons noted above.6,27−29 The third precursor was
synthesized from the chlorophosphazene [Cl2PN]3 eliminating all
oxygen but also incorporating Si.

2.1.1. Synthesis of PON and LixPON Precurors. The simplest
synthetic approach is ammonolysis of OPCl3 forming phosphoramide
OP(NH2)3 as shown in Scheme 1.

However, depending on the solvent, byproduct NH4Cl is difficult
to remove/interferes with purification. An alternative uses NaNH2 as
shown in Scheme 2.

NaNH2 rather than LiNH2 is used because LiCl is more soluble in
polar solvents than NaCl and may not precipitate as easily and thus,
NaNH2 is preferable.

Thereafter, there are two options for producing LiPON precursors.
The first is to promote ol-igomerization/polymerization following

Table 1. Examples of LiPON Thin Coating Processes and Properties

composition N/P ratio synthesis method thickness conductivitya (S/cm) ref.

Li3.3PO3.8N0.24 to Li3.6PO3.3N0.69 0.24−0.69 RFMS of a Li3PO4 target in N2 1 μm 2 (±1) × 10−6 8
Li3.3PO2.1N1.4 1.4 RFMS of a Li3PO4 target in N2 1 μm 1.8 × 10−6 12
LiPON N/A PLD 1−3 μm 1.6 × 10−6 13
LiPON N/A EB evaporation of Li3PO4 in ionized N2 N/A 6.0 × 10−7 14
LiPON (Y290, Y301) N/A IBAD of thermally evaporated Li3PO4 1.05 μm Y290: 1.3 × 10−6 15

Y301: 9.0 × 10−7

LiPON 0.39−1.49 PA-DVD 0.3−2 μm 10−7−10−8 16
Ultrathin LiPON N/A IBS ≥12 nm 1−2 × 10−7 17
Li2.9PO4.5N0.42 to Li3.1PO4.1N0.42 0.42 MOCVD N/A 2.75−2.95 × 10−7 18

aConductivity at room temperature.

Scheme 1. Ammonolysis of OPCl3

Scheme 2. Reaction of OPCl3 with NaNH2
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reactions shown as stepwise condensation reactions presented in
Scheme 3.
As shown in Scheme 4, only linear oligomers are formed. However,

it is highly likely that both branched and cyclomeric products arise
coincidentally.
The volatile system might offer a novel method for chemical vapor

deposition. At this juncture, it is possible to now add Li as shown in
Scheme 5.

As an alternative, our preferred choice is to do this right after the
first step. This may not be optimal, but it appears to be the easiest
approach as shown in Scheme 6.
The Li content can be controlled by the degree of initial lithiation.

One can also envision promoting a condensation reaction as
suggested in a simple fashion above. The condensation process is
likely more complex than shown. However, one can use these
intermediates as precursors to make LiPON thin films, binders, or
bonding agents by using traditional precursor processing techni-
ques.22,39 In some instances, the intermediates will be liquids and in
others, they will be meltable or soluble solids. As demonstrated below
it is possible to make Li3PON and Li6PON precursors simply by
choosing the amount of LiNH2 to add.
2.2. Polymer Precursors to LixSiPON. As noted above, a few

reports describe silicon containing LiPON or LiSiPON.6,27−29 To our
knowledge, LiSiPON precursors have not been synthesized via the
route shown in Scheme 7, which takes advantage of the affinity of Si
for Cl.
A modified route uses (Scheme 8) less than 2.5 (Me3Si)2NH.
One can envision promoting polymerization using less

(Me3Si)2NH (≥1.5), forming SiPON precursor. At this stage, one
can lithiate as shown in Scheme 9, and then warm as suggested below,
which is not likely the only reaction pathway as presented in Scheme
10.
The resulting material compositions will depend on the amount of

LiNH2 and method of processing. The conductivity will be
determined by this as well.
2.2.1. SiPHN and LixSiPHN Systems. To investigate the use of a

polymer solely based on phosphorus and nitrogen, one can envision

starting from the commercial cyclomer: [Cl2P=N]3, replacing Cl with
NH via the Si−Cl exchange process, followed by lithiation with
LiNH2 as demonstrated in Scheme 11.

As detailed in the Experimental Section, we followed this approach
in formulating systems as illustrated, targeting processable polymers
by using nonstoichiometric amounts of (Me3Si)2NH.

In this work, “x” in LixPON, LixSiPHN, and LixSiPON stands for
the Li content, which is based on the theoretical Li/P ratios of the
corresponding precursor.

2.3. Cell Fabrication. Celgard separators were purchased from
(MTI, Richmond, CA). Celgard separator (25 μm × 12 mm
diameter) substrates were dip-coated for 1 min in Li3PON (0.05 g
mL−1), Li6PON (0.05 g mL−1), Li2SiPHN (0.08 g mL−1), Li3SiPON
(0.1 g mL−1), and Li6SiPON (0.1 g mL−1) solutions. These
experiments were conducted to measure coating impedances without
heat treatments; similar to measuring the impedance of conventional
liquid electrolyte-soaked separators. The total conductivity [σt = T/(A
× R)], where T is the thickness of the Celgard, A is the contact area
between the Celgard and the stainless steel (SS) disk (diameter = 16
mm), and R is the total resistivity obtained from the straight line of
the real axes from the Nyquist plot.40

2.3.1. Electrochemical Characterization. The electrochemical
compatibility of the polymer precursor solutions in THF (20 μL)
was investigated using EIS of the stainless steel (SS)/Celgard +
polymer precursor/SS with a potential amplitude of 10 mV from 0.1
to 100 kHz. The electrochemical stability of the polymer precursor
was investigated by linear sweep voltammograms, which was obtained
on a Biologics instrument at a scanning rate of 1 mV s−1, where the
polymer precursor coated Celgard was sandwiched between lithium
anode and SS.

Scheme 3. Linear Oligomerization/Polymerization of OP(NH2)3 forming PON Precursor

Scheme 4. Branched or Cyclomeric Products on Heating of OP(NH2)3

Scheme 5. Lithiation of PON

Scheme 6. Lithiation of OP(NH2)3 Followed by Oligomerization/Polymerization, Forming LiPON Precursor

Scheme 7. Reaction of OPCl3 with (Me3Si)2NH (Mole Ratio
= 1:3)

Scheme 8. Reaction of OPCl3 with (Me3Si)2NH (mole ratio
= 1:2.5)
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To further assess polymer electrochemical properties, symmetric
cells were assembled to study the effects of current density on the
stability and kinetics of the Li/polymer electrolyte interface. Before
cell assembly, the metallic Li (∼2 cm2) was scraped exposing a clean
surface. Symmetric and half coin cells were constructed using the
standard procedure and compressed at ∼0.015 psi using digital
pressure controlled electric crimper (MTI, Richmond, CA). The
Celgard was dip-coated for 1 min in Li3PON (0.05 g mL−1), Li6PON
(0.05 g mL−1), Li2SiPHN (0.08 g mL−1), Li3SiPON (0.1 g mL−1),
and Li6SiPON (0.1 g mL−1) polymer precursor solutions and heated
to 90 °C/12 h/vacuum prior to half and symmetric cell assembly.
Furthermore, polymer precursors in THF solution (20 μL) were also

used as an additional electrolyte to wet the surface of the electrodes.
The Li/Celgard + polymer precursor/Li symmetric cells were cycled
at room temperature at the desired current densities of (±0.1−7.5
mA) with a rest period of 10 min between each current step. The Li
metal, polymer electrolytes, Celgard, and SPAN were stored in an
argon filled glovebox (MBRAUN) with an average H2O and O2
content below 0.1 ppm.

The SPAN electrode was prepared by coating 70:15:15 wt %
mixture of SPAN/C65/PVDF in NMP on carbon coated Al foil.30

The cathode was then vacuum-dried at 60 °C. After drying the
electrode, 14 mm in diameter SPAN were punched out and
transferred to coin cells. The SPAN/Li6SiPON/Li half-cell was
charged and discharged to the cutoff voltages of 1−3 V using 0.5 C
rate. Specific capacities were calculated based on the mass of sulfur in
the cathode (1C = 1672 mAh g−1).

3. RESULTS AND DISCUSSION

In the following section, we briefly characterize the polymer
precursors, a more detailed description is available elsewhere.38

We first monitored compositional and structural changes
caused by the degree of lithiation and by the addition of
silicon. The extent of lithiation and nitrogen content and its
effect on the structure are discussed.

Scheme 9. Lithiation of SiPON

Scheme 10. Oligomerization/Polymerization Forming LiSiPON Precursor

Scheme 11. Synthesis of LiSiPHN Precursor

Table 2. MWs, CYs, and Estimated Compositions of Polymer Precursors

aMW = molecular weight. bNumber monomer units calculated based on MALDI. cCY = ceramic yield in TGA (800 °C/N2).
dTd (5%) = 5% mass

loss temp. in TGA (N2/10 °C/min). eTm = endotherm with no associated mass loss in DTA (N2/10 °C/min). fX = H or Li
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3.1. Characterization of Polymer Precursors. GPC,
MALDI-ToF, and TGA-DTA (800 °C N2

−1) studies of
polymer precursors are given in the SI (Figures S1−S5 and
Tables S3−S5), detailed discussion are provided in a
complementary manuscript.38 Table 2 compares the MWs,
ceramic yields (CYs), and likely structural components of the
polymers based on GPC, MALDI, and TGA-DTA studies. All
the polymers have similar CYs of 45−65 wt %. In general, CYs
improve with increases in MWs.
Figure 1(a) shows the FTIR of representative as-synthesized

precursors. Table S6 summarizes literature reported FTIRs of
LiPON glasses. Typically, the precursors exhibit νN−H
(∼3000 cm−1, ∼1500 cm−1), νPO (1150−1300 cm−1),
νP−O− (1000−1150 cm−1), νP−NP (800−900 cm−1) and
νP−O−P (1150, 780−680 cm−1) absorptions.18,41−46 A small
peak at ∼2200 cm−1 is also observed for all the precursors;
suggested by Pichonat et al.45 and Stallworth et al.,46 to arise
from P−N < P

P or P−NP bonds. Additionally, Si-containing
precursors exhibit νC−H at ∼2950 cm−1 from SiMe3 groups.
Precursor FTIR often present νO−H at ∼3400 cm−1, likely
from unreacted LiNH2 that reacts with trace moisture forming
LiOH. FTIR spectra recorded with stringent control of
atmosphere during sample preparation show reduced νO−H
intensities.
The Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON

precursors were heated to 60 °C/Vacuum to remove solvent.
Dried powders (1 g) were pelletized (3 mm diameter die).
Pellets were heated between alumina plates to 100 °C/2 h/1
°C min−1/120 mL min−1 N2. XRDs of Li3PON, Li2SiPHN, and
Li3SiPON show low intensity peaks ∼30°, 33°, and 35° 2θ
dominated by a broad amorphous hump centered ∼22° 2θ.
The Li6PON and Li6SiPON pellets also show three peaks at
30°, 33°, and 35° 2θ indexed to partially crystalline
Li2.88PN0.14O3.73.

47 High Li+ content pellets seem to have
higher intensity peaks compared to the pellets with lower Li+

concentrations as shown in Figure 1(b).
The absence of significant amounts of crystalline phases

means XRD cannot be used to quantify phase compositions.
Thus, XPS analyses were run on LixPON, LixSiPHN,
LixSiPON pellets, Figure 1(c) reveals signature Li, P, O, Si,
N peaks and minor peaks for C and Cl; the latter from residual
NaCl. The carbon likely arises from brief air exposure forming
Li2CO3.
Table 3 summarizes the XPS data. Li3PON and Li6PON

conform to the XPS data reported previously.9,45,48 XPS
analyses also provide information about elemental bonding
environments. The O 1s peak is attributed to Li−O−P, P−O−
P, and PO bonding environments as shown by the core-level
spectrum presented in Figure S6. The Li/N ratios increase

from ∼2.7 to 3.5 as more LiNH2 is added to the PON
precursor. The experimental synthesis used had an N/P ratio
of 3, the lower ratio found in the XPS suggests polymerization
by loss of nitrogen. Quite important is the fact that the N/P
ratio (1.25−1.66) is higher than the highest values reported for
gas phase deposition techniques (0.92).45 XPS further
confirms that the Li3PON and Li6PON pellets have 4.7 and
5.35 at. % N, higher than atom% for LixPON films deposited
by PE-MOCVD and RF magnetron sputtering (4 at. %).49

The data indicate that the Li/N ratio increases from ∼1.43
for Li3SiPON to 1.68 for the Li6SiPON precursor as more
LiNH2 is used. However, the ratio is smaller than calculated for
Li3PON (2.86) and Li6PON (3.5) pellets, likely due to the
silicon introduced. However, the N atom% for Li3SiPON and
Li6SiPON are 8.5 and 6.7%, respectively. The N/P ratio (1.9−
2.4) is still higher than found above for Li3PON and Li6PON.
The presence of oxygen in the Li2SiPHN precursor might be
from brief air exposure during pellet pressing forming Li2CO3.
The calculated atomic composition shows a Li/N ratio of 1.33
similar to Li3SiPON in Table 3. However, this ratio is smaller
than that introduced experimentally for Li2SiPHN, likely a
consequence of polymerization.

3.2. Ionic Conductivity of Polymer Electrolytes. Table
4 summarizes the total ambient conductivities of SS/Celgard

+Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON/SS.
The polymers showed optimal Li+ diffusivity through the
separator. The wet conductivities of electrolyte + Celgard are
Li3PON ≪Li6PON ≪ Li2SiPHN ≪ Li3SiPON ≪ Li6SiPON.
The incorporation of silicon into LixPON improves ionic
conductivity (∼1 × 10−5S cm−1) in good agreement with

Figure 1. (a) FTIR spectra, (b). XRD. (C). and XPS of LixPON, LixSiPHN, and LixSiPON precursors.

Table 3. Atomic Ratios Based on XPS Analyses for LixPON,
LixSiPHN, and LixSiPON

ratio Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON

O/P 6 4.5 3.15 3.56 5.54
N/P 1.25 1.66 1.84 1.9 2.4
Li/N 2.68 3.5 1.33 1.43 1.68

Table 4. Total Room Temperature Conductivity of Polymer
Precursors

Celgard + polymer conductivity (S/cm)

Li3PON 1.1 ± 0.3 × 10−6

Li6PON 2.2 ± 0.6 × 10−6

Li2SiPHN 2.7 ± 0.4 × 10−6

Li3SiPON 6.3 ± 0.1 × 10−6

Li6SiPON 8.8 ± 0.4× 10−6
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literature reports for LixSiPON thin films as shown in Figure
2(a).27,28

According to Roh et al. 1999,48 ionic conductivity is
determined by the product of charge density and mobility.
Hence, there are two ways to increase the Li+ ionic
conductivity of LixPON emulated polymer electrolytes. One
is to increase the Li+ content to increase charge carrier
densities (i.e., Li3PON to Li6PON). This is difficult to achieve
using gas phase deposition methods as Li content is nearly
constant irrespective of the deposition technique (i.e., rf
power).50 However, our synthesis route permits control of Li+

contents by varying LiNH2 amounts.
The other is to change the inherent organization of the

elements in the polymer to increase Li+ mobility (i.e.,
increasing the N/P ratio), again something difficult to do in
gas phase approaches. Figure 2(b) shows the correlation of N/
P ratio with polymer ionic conductivities. The increase in the
N/P ratio results in a linear increase in conductivity for coated
Celgard. A maximum conductivity of 8.8 × 10−6 S cm−1 is
achieved for the Li6SiPON + Celgard polymer electrolyte with
an N/P ratio of 2.4. Our N/P ratio is very high compared to
traditional gas-phase techniques resulting in enhanced ionic
conductivity.45,50 The positive correlation between ionic
conductivity and the N/P ratio can be attributed to the
decrease in electrostatic energy as adding more P−N < P

P cross-
link structural units apparently increases Li+ mobility.27,50

In addition, aliovalent substitution of P5+ by Si4+ in LixPO4
has been reported to create compositions that promote fast Li+

conduction by shortening the distance between Li+ binding

sites promoting superior ionic conductivity.51 The ionic
conductivity of the LiSiPON has been reported to be superior
to lithium silicophosphate, suggesting that introducing nitro-
gen to Li2O−SiO2−P2O5 systems increases Li+ mobility
presumably via reduced electrostatic interactions.27 Here we
find that increasing the Si/P ratio also results in linear increases
in conductivity deduced from the XPS at.% and EIS
measurements for LixSiPHN and LixSiPON electrolytes, Figure
S7 and Table S7. The Celgard+Li6SiPON polymer electrolyte
with a Si/P ratio of ∼0.5 resulted in an ionic conductivity of
8.8 × 10−6 S cm−1.

3.3. Morphology and Electrochemical Stability of
Polymer Electrolytes. Figure 3 shows SEM fracture surface
images of Celgard coated with polymer precursors. Celgard
coated with polymer precursors did show interfaces. The
coatings are optimal with average coating thicknesses of 5−10
μm, see Table S8. The fracture surface images of the coatings
reveal a uniform, smooth, and dense microstructure. Elemental
map of the coating shows well-defined phosphorus, carbon,
nitrogen, silicon, and chlorine distribution as shown in Figures
S8 and S9.
Tolerance to high potential is very crucial for polymer

electrolytes especially for development of long-life cycle ASBs
with high energy densities. To obtain further insight
concerning the electrochemical stability of the polymer
electrolytes dissolved in THF, the linear sweep voltammo-
grams were carried out at a scanning rate of 1 mV s−1.
Figure 4 shows linear sweep voltammograms obtained for

the Li/Celgard + polymer electrolytes/SS from 0 to 9 V. The

Figure 2. (a) Nyquist plots of SS/Celgard + LixPON, LixSiPHN, and LixSiPON/SS at room temperature, (b) N/P ratio vs conductivity.

Figure 3. SEM fracture surface images Celgard + polymer precursors heated to 90 °C/12 h/Vacuum.
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current increases dramatically when voltage exceeds 7 and 6 V
for Li3PON and Li6PON polymer electrolytes respectively,
indicating the decomposition potential of LixPON electrolyte
in contact with Li. These values are higher than what is
reported for gas phase deposited LiPON (0−5.0 V vs Li/
Li+).52 These quite wide electrochemical stability windows
appear suitable for Li ASBs with the high-potential cathode
materials.53

Comparatively, Li2SiPHN shows a decomposition potential
∼5 V, indicative of good oxidative stability for a polymer
electrolyte based solely on phosphorus and nitrogen compared
to the LixSiPON materials. Li3SiPON and Li6SiPON are only
stable to 4 V which suggests a different decomposition
potential perhaps due to the presence of Si. Thus, while
incorporating Si enhances ionic conductivity by increasing the
N/P ratio; it has a limited operating voltage window compared
to the LixPON electrolytes. The origin of the significant
voltage difference depends on the electronegativity of the
framework,54 which weakens or strengthens the covalency of
the Li−N bonds. The introduction of Si in the polymer
precursors decreases the covalency of Li−N framework, which
decreases the energy of the antibonding states. Hence, the
difference in voltage stability between the Li+/Li couples in
SiPON and PON framework.
3.4. Electrochemical Performance of Polymer Electro-

lytes. EIS was used to study the individual resistive elements
that comprise the total Li/Celgard + polymer electrolyte/Li
cell resistance. The symmetric cells were cycled at room
temperature using DC cycling to determine the critical current
densities.
3.4.1. Symmetric Cell Studies of Polymer Electrolytes.

Figure 5(a) shows the Li/Celgard + Li3PON/Li cell
galvanostatically cycled at room temperature. The cell was
tested for charge/discharge using a DC steady state method
with a constant current density (±0.05 mA cm−2). A stable
potential of (±0.007 V) was measured over the extended
cycles. The Li/polymer precursor electrolyte interface stability
was characterized vs current density. The potential vs capacity
plot in Figure 5(b) shows that the Li3PON electrolyte is stable
to 0.5 mAh cm−2.

Figure 5(c) shows a Li/Celgard + Li3SiPON/Li cell
galvanostatically cycled at ambient. The cell was tested for
charge/discharge using a constant current (±0.15−0.75 mA).
The symmetric cell shows a stable voltage response (0.04 V)
when a high current density of 0.75 mA is used. The potential
vs capacity plot in Figure 5(d) also shows that the electrolyte is
stable to 0.375 mAh cm−2 without showing any voltage
fluctuation or polarization.
Figure 5(e) and (d) shows the selected overpotential profiles

of subsequent lithium plating/stripping process on the working
electrode in the Li/Li symmetrical cells with Celgard +
Li3SiPON as the electrolyte. At current density (j = 0.1 mA/
cm2), there is a heterogeneous lithium dissolution region on/at
the lithium metal anode. The overall dissolution process in
Figure 5(e) and (d) is divided into four parts (a, b, c, and d).
In the first part (a), the lithium dissolution process starts with
an immediate steeply increase in the potential to (0.1 V at j =
0.1 mA/cm2) which is the maximum overpotential in the
whole experiment, whereas the second part shows a decrease of
the overpotential (b), and followed by a fast drop to 0.03 V
(c). The dissolution process shows further decreases in
potential to 0.02 V (d).
The rapid increase of the overpotential indicates the end of

the corresponding dissolution process. The overpotential is
high in region (a) because the process primarily takes place on
the pristine, smooth, and low surface area Li substrate. The
decrease of the overpotential after the first cycle confirms that
the corresponding lithium dissolution mostly takes place form
an already roughened Li surface.55 Similar to dendrite
formation, Li plating and stripping also change the surface
morphology of the electrode. The increase in current
distribution (j = 0.6 mA/cm2) might lead to the crack of the
SEI and increase in the electrode surface area and decrease of
the SEI resistance (e). As the local roughness makes spots that
are preferable for Li stripping and deposition, continuous
cycling will result in a decrease in overpotential (f) for the rest
of the cycle.
The Celgard coated with Li6PON polymer show unstable

voltage spikes at 0.1 mA current density, Figure S10. Higher
current densities (>0.1 mA) seem to result in higher interfacial
impedance as seen by the increases in voltage response to 1 V.
However, the symmetric cell shows a stable voltage response
(0.25 V) when at 0.075 mA, Figure 6(a). The potential vs
capacity plot in Figure 6(b) shows that the electrolyte is stable
to 0.375 mAh cm−2.
Celgard coated with Li6SiPON shows an ideal voltage

response suggesting that there was a minimum interfacial
impedance throughout the galvanostatic cycling at room
temperature as shown in Figure 6(c). This is revealed by a
low voltage response at higher current densities (±1.5−7.5
mA). The interfacial impedance is nearly constant when the
current density increases to (±7.5 mA) demonstrating by the
voltage response and confirmed per Ohms’ law (R = V/I). The
potential vs capacity plot shows that the electrolyte is stable to
3.5 mAh cm−2. These high current densities are attributed to
the stability of the Li6SiPON polymer electrolyte against Li
metal with very low ohmic resistivity of ∼1 Ω. In addition, the
high critical current density of the polymer electrolyte matches
rate performances of state-of-art Li+ at 1−3 mA cm−2.56

Figure S11(a) shows Li/Celgard + Li2SiPHN/Li cells
galvanostatically cycled at room temperature. The cell was
tested for charge and discharge using a DC steady-state
method in which a constant current (±7.5 mA) was used. The

Figure 4. Linear sweep voltammograms of Li/Celgard + polymer
precursor electrolytes/SS.
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symmetric cell shows a voltage response (0.02 V) for the first
20 h at a constant current density of 7.5 mA. The overpotential
gradually increases to ∼0.025 V after the first 10 cycles. This
indicates a general increase in the overall resistance vs lithium
deposition. Long-term cycling shows that the overpotential
(∼0.03 V) profile becomes constant after the first 20 initial
cycles. The potential vs capacity plot also shows that the
Li2SiPHN electrolyte is stable up to 3.75 mAh cm−2 as shown
in Figure S11(b).
3.4.2. Transference Number Studies of Polymer Electro-

lytes. Figure 7 shows the Nyquist plots of Li/Celgard +
polymer precursor/Li symmetric cells at room temperature
before cycling. The equivalent circuit is shown in Figure S12.
R1 and R2 correspond to the Ohmic resistance of the polymer
electrolyte and the electrode surface resistance, referred to as
(RSEI). The R3 in the inset of Figure S12 refers to charge
transfer resistance.

EIS measurements compare the impedance differences of
the symmetric cells using the different polymer electrolytes. In
general, the high-frequency semicircle relates to Li+ migration
resistance through the polymer electrolyte interface, and the
lower frequency semicircle relates to charge transfer resistance
(Rct). The low frequency semicircle diameter was divided by a
factor of 2 to determine the Rct as the cell employed two Li
metals of equal area. At room temperature, a Rct of ∼50 Ω cm2

was measured for Li2SiPHN polymer electrolyte. This Rct value
is similar to state-of-art Li+ liquid electrolytes, typically tens of
Ω cm2.57 The Nyquist plots mainly show high resistance at the
electrode surface, suggesting that the overpotential of Li
stripping and plating processes are dominated by the nature of
SEI at the Li/electrolyte interface.56

Lithium transference number (tLi
+) was determined

following the procedure and equation suggested by Bruce et
al.61 Symmetrical cells using (Li/polymer coated Celgard
electrolytes/Li) were monitored under chronoamperometry

Figure 5. Galvanostatic cycling of Li/Celgard + Li3PON (a, b) and Li3SiPON (c, d) /Li symmetric cell at the current density of ±0.1 mA. Selected
overpotential profiles of Li/Celgard + Li3SiPON/Li symmetric cell at the current densities of ±0.13 mA/cm2 (e) and 0.66 mA/cm2(f).
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until a steady-state current was reached. The initial (I0) and
steady-state (ISS) currents in addition to the initial (Z0) and
steady-state (Zss) resistances were obtained from the
chronoamperometry and EIS measurements. Transference
number (tLi

+) was calculated using the following equation:

= − × − ×+t I Z I I DV Z I(DV )/ ( )Li SS 0 0 0 SS SS

The stability of polymer electrolyte against Li was evaluated

by monitoring the electrochemical impedance spectra of Li/

polymer coated Celgard electrolytes/Li symmetrical cell before

Figure 6. Galvanostatic cycling of Li/Celgard + Li6PON (a, b) and Li6SiPON (c, d)/Li symmetric cell at the current densities of ±0.1−7.5 mA.
The blue line corresponds to the constant current and the black line is the voltage response.

Figure 7. Nyquist plots of Li/Celgard+ (a) Li3PON, (b) Li6PON, (c) Li2SiPHN, (d) Li3SiPON, and (e) Li6SiPON/Li cells.
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and after chronoamperometry measurements under open
circuit conditions at ambient.
Figure 7 shows Nyquist plots of symmetric cells assembled

with polymer precursor coated Celgard electrolytes. The
Nyquist plots for cells assembled with Li6PON and Li6SiPON
electrolytes show that the impedance is stable before and after
steady-state current. However, the impedance increased after
steady-state current was achieved for cells assembled with
Li2SiPHN and Li3SiPON polymer electrolytes. The spectra
start with the Ohmic resistance and then show a semicircle at
lower frequencies. The Ohmic part of the cell resistance is
determined by the ionic conductivity of the polymer
electrolytes, the following semicircle consequently corresponds
to the capacitive properties, SEI, and charge-transfer resistance
at the Li electrodes. Since both plots start at the same high
frequency (Ohmic part), the ionic conductivity of the
Li2SiPHN and Li9SiPON precursors are the same before and
after steady-state current measurement, hence the increment in
impedance has to be related to the formation of SEI and
charge-transfer resistance at the Li electrodes.
Interfacial resistance (Z0 and Zss) values were obtained by

analyzing the real resistances of the semicircle of EIS Nyquist
plots. After 1 h, a steady-state current was achieved. Figure S13
shows chronoamperometry plots of symmetric cells assembled
with polymer precursor coated Celgard electrolytes. The
increase in the transference number for the polymer electrolyte
is indicative of a chemical interaction between Li and PON and
SiPON, that in turn afforded high Li+ mobility. It is
noteworthy that since the interfacial resistances were higher
than the electrolyte resistance, this steady-state method is now
considered less of a quantitative and more of a qualitative
comparison of the increase in tLi+.
Table 5 lists the average transference numbers of polymer

precursor coated Celgards assembled in symmetric cell

configuration. The Li2SiPHN precursor showed an ideal
transference number of ∼0.9 comparable to solid-state
electrolytes. From these preliminary results, the transference
number is in the order of Li6SiPON < Li3PON < Li3SiPON <
Li6PON < Li2SiPHN.
3.4.3. Electrical Conductivity of Polymer Electrolytes. The

electronic conductivity of the polymer electrolytes was
determined by DC measurements of the current under

potential polarization using Bio-Logic SP 300 potentiostat
with low current functions (current resolution <1 nA). The
potential was ramped in the range of −0.03 to +0.03 V with a
step of 10 mV and was held at each step for up to 1 h. The
stabilized current at each step was used to determine the
electronic conductivity. The electronic conductivity is deduced
from the stabilized current (Iss) using the relation:

σ = × ×t I A U( )/( )e ss

where t is the thickness of the Celgard (25 μm), A is the area
of the Li electrode (radius = 8 mm), and U is the applied
voltage.
The electronic conductivities of Celgard coated with

LixPON polymer precursors measured by DC polarization
experiments are summarized in Table 6. Representative
current−voltage plots of Li3PON and Li6PON are shown in
Figures 8(a, b) and 8(c, d), respectively. The stabilized current
shows a linear increase with the step increase of voltage as
expected from Ohms law (V = IR). The Li3PON and Li6PON
polymer electrolytes showed an average electrical conductivity
of ∼3 × 10−10 and 2.6 × 10−10 S/cm, respectively. These values
are higher than what is reported for LixPON systems (10−15−
10−12 S/cm).58,59 However, the reported electrical conductiv-
ities are much lower than LLZO (10−8−10−7S/cm)60 and
Li2S−P2S5 (10−9−10−8S/cm)61 solid electrolytes. It is also
worth noting that the electrical conductivity measurements are
done on the polymer precursor coated separators, the
precursor by itself might have lower electronic conductivity.
The electronic conductivities of LixSiPON and Li2SiPHN

polymer precursors coated Celgards are measured by DC
polarization experiments and are summarized in Table 6.
Representative current−voltage plots of Li2SiPHN and
LixSiPON are shown in Figures S14 and 9, respectively. The
Li2SiPHN polymer electrolytes showed an average electrical
conductivity of ∼2.7 × 10−9 S/cm. Whereas, the Li3SiPON
and Li6SiPON polymer electrolytes showed lower average
electronic conductivities of ∼6.2 × 10−10 and 1.8 × 10−10 S/
cm, respectively. The increase in Li+ concentration from
Li3SiPON to Li6SiPON seems to decrease the electrical
conductivity in Li6SiPON polymer coated Celgard electrolytes.
Similar phenomena are observed when the Li concentration
increased from Li3PON to Li6PON as shown in Figure 8.
Further studies about the space charge region and hetero-
junction between the Li metal and the polymer precursor
electrolytes are needed to understand the electrical con-
ductivity of the electrolyte.
Interestingly, the Celgard coated with Li6SiPON polymer

precursor showed the lowest electrical conductivity when
compared to the other polymer electrolytes. This electrolyte
also showed the highest ionic conductivity and high critical
current density (3.75 mA cm−2). All of these properties

Table 5. Calculated Li+ Transfer Numbers of Polymer
Precursor Coated Celgard Electrolytes

electrolyte tLi+avg

Li3PON 0.8 ± 0.2
Li6PON 0.8 ± 0.6
Li2SiPHN 0.9 ± 0.2
Li3SiPON 0.8 ± 0.3
Li6SiPON 0.7 ± 0.6

Table 6. List of Electrical Conductivities for Li/Celgard + Polymer Precursor/Li Cell Obtained by DC Measurements

potential (mV) Li3PON σe (S/cm) Li6PON σe (S/cm) Li2SiPHN σe (S/cm) Li3SiPON σe (S/cm) Li6SiPON σe (S/cm)

−30 2.9 × 10−10 2.6 × 10−10 2.5 × 10−9 6.2 × 10−10 1.9 × 10−10

−20 2.9 × 10−10 2.7 × 10−10 2.5 × 10−9 6.2 × 10−10 1.9 × 10−10

−10 2.7 × 10−10 2.5 × 10−10 2.5 × 10−9 6.2 × 10−10 1.9 × 10−10

10 3.1 × 10−10 2.5 × 10−10 2.5 × 10−9 6.2 × 10−10 1.7 × 10−10

20 3.1 × 10−10 2.7 × 10−10 3.0 × 10−9 6.2 × 10−10 1.7 × 10−10

30 3.0 × 10−10 2.6 × 10−10 3.3 × 10−9 6.2 × 10−10 1.7 × 10−10
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ensured that Li6SiPON has a similar dendrite suppression
capability to that of LixPON.
The Li6SiPON polymer precursor electrolyte was used to

assemble a half cell with Li metal and SPAN cathode. Detailed
synthesis and performance of SPAN cathodes can be found
elsewhere.30 Figure 10 shows the results of SPAN/Celgard +
Li6SiPON/Li cells cycled at 0.5 C rates. The Li-SPAN battery

cycled for 220 h. without any polarization or voltage

fluctuation. The half-cell was cycled from 1 to 3 V for 122

cycles. The half-cell showed an initial capacity ∼1500 mAh

gsulfur
−1; 90% of theory for Li−S batteries. The capacity

decreases to 1000 mAh gsulfur
−1 after the 40th cycle and

gradually to 750 mAh gsulfur
−1 thereafter. The reported capacity

Figure 8. Time dependence of current during step voltages (a and c). Stabilized current−voltage relations of Li/LixPON/Li cells (b and d).

Figure 9. Time dependence of current during step voltages (a and c). Stabilized current−voltage relations of Li/LixSiPON/Li cells (b and d).
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is much improved when compared to Li−S batteries assembled
with polymer electrolytes as listed in Table 7.
The Li6SiPON polymer electrolyte shows high electro-

chemical stability at 0.5 C for 122 cycles. The half-cell shows a
slight decrease from 95% to 92% efficiency after the first 40
cycles. It remains ∼92% thereafter. The stability and high
performance of the nearly all solid-state battery can be ascribed
to the unique performance of SPAN and the polymer
electrolyte. The most important feature of SPAN is that the
sulfur is covalently bound to a polyaromatic backbone and
forms different structural motifs that reduce detrimental
polysulfide dissolution.30,62

A high rate of capacity fade is observed for the Li−S battery
with polymer electrolytes. Three plausible explanations may be
given. One is the irreversibility of some of the polysulfide
reactions. Another is the diffusion of polysulfides into the
electrolyte. A third is the loss of electrical contact during
cycling. The last factor might be due to several phenomena,
including the formation of large particles of highly resistive
sulfur or lithium sulfide, the migration of polysulfides away
from the carbon phase, and the agglomeration of sulfur or
carbon particles as a result of the pressure exerted on the cell.
Since the SPAN cathode can eliminate the formation of
polysulfides that results in a fast capacity loss, future work will

rely on the optimization of the electrical contact between the
SPAN cathode and the polymer precursor electrolytes. The
poor electrical contact is ascribed to result in a decrease in
columbic efficiency. Efforts to optimize the critical current
densities of the other polymer electrolytes and for assembly of
ASBs remains future work. The interfacial behavior directly
dictates the lifespan, energy density, and safety of all solid-state
batteries. We believe that these polymer electrolytes might
lower the interfacial resistance and stabilize the interfacial
performance of all solid-state batteries.

4. CONCLUSIONS

In summary, we have presented the synthesis of a set of
polymers that emulate LiPON chemistries and that allow
simple and extensive control of composition, degree of
lithiation, and incorporation of silicon as well as exclusion of
oxygen and understand their effects on the ionic conductivity.
We will demonstrate in the future their use in generating
LixPON, LixSiPON, and LixSiPHN glasses. The intent was to
find a simple alternative to the equipment and energy intensive
gas phase deposition methods. Our approach involves the
synthesis of OP(NH2)3 from OPCl3 followed by lithiation
with LiNH2.

Figure 10. Potential vs time, charge−discharge capacity, and columbic efficiency plots of SPAN/Li6SiPON + Celgard/Li at 0.5 C.

Table 7. Comparison of Reported Polymer Electrolytes for Li−S Batteries

electrolyte retained capacity C-rate Columbic efficiency ref

1 M LITFSI/DOL/DME/PYR14TFSI 846 0.2 94.2 63
Li[TFSA]/G4/HFE 600 0.5 98 64
[Li(G4)1][TFSA] 450 0.5 98
1 M LiTFSI/DOL/DME 815 0.5 91.3 65
PEO at 104 °C 200 0.1 66
PEGDME at 23 °C 100 0.05 N/A
PEMO at 60 °C 50 0.025
Li6SiPON at 23 °C 750 0.5 92 this work
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The ionic conductivity of the polymer electrolytes increases
with increasing amounts of Li and optimizing the N/P ratio.
Maximum ambient ionic conductivities of ∼1 × 10−5S cm−1

are achieved for the Li6SiPON with 2.4 N/P ratio. The
polymer electrolytes also show high ohmic stability against Li
metal at current densities of 0.375−3.75 mAh cm−2. In
addition, the Li2SiPHN precursor showed an ideal transference
number of ∼0.9 comparable to solid-state electrolytes.
Furthermore, the Li6SiPON polymer electrolyte was used to
assemble a nearly all solid-state Li/SPAN battery. The stability
and high performance of the half-cell was attributed to the
unique performance of the SPAN and the polymer electrolyte.
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