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Abstract A thin-film lithium phosphorous oxynitride (LiPON)
layer on the top of a graphite anode is synthesized via radio
frequency magnetron sputtering, whereas the thickness of the
film is about 0.3 ~ 1.3 μm. The field emission scanning electron
microscopy on the samples confirms the even-coated layer on
the anode, while the thickness of layer is reconfirmed by
weighing the area density of sputtered anode. The storage ex-
periment at elevated temperature of LiNi0.8Co0.15Al0.05O2/
graphite cells with and without a LiPON layer on anode reveals
that the LiPON layer on the anode would restrain the capacity
loss when compared with bare anode. Moreover, it is found that
a thicker LiPON layer on anode would provide better capacity
retention during storage aging. Meanwhile, the electrochemical
impedance spectroscopy is recorded during aging and its equiv-
alent circuit simulation is proposed. Also, the anode surface
morphology with and without a LiPON layer is observed before
and after aging. Based on these investigations and analysis, we
conclude that the LiPON layer on the top of the anode would act
as a protective layer and improve the capacity retention during
storage aging at elevated temperature.
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Introduction

Recently, commercial lithium-ion batteries (LIBs) have per-
formed well for most home electronic applications like cell
phones and laptops. However, currently available LIB tech-
nology does not satisfy some of the performance goals for
future hybrid electric vehicles (HEV) or plug-in hybrid elec-
tric vehicles (PHEV). One of the significant problems with
current LIBs is their restrained lifetime, especially at elevated
temperature while the aging progress would be accelerated
[1]. In most automotive applications, the lifetime of LIBs is
expected to be longer than 10 years [2].

The storage life is one of the key lifetime performances for
LIB applications. Hence, many efforts have been made to
investigate the aging mechanism and improve the storage life
of commercial LIBs. Since LIBs are complex systems and the
processes of their aging are even more complicated in appli-
cation while the storage aging and cycle aging always occur in
combination, the capacity decrease and power fading during
aging do not originate from one single cause, but from a num-
ber of various processes and their interactions [3–8]; much
more work is still needed for longer-life LIBs. However, the
degradation reactions of electrolyte with lithium in anode,
which leads the anode solid electrolyte interphase (SEI) sus-
taining growth on the graphite anode, are thought to be one of
the main causes of the capacity loss during storage aging
[9–12]. The anode SEI, formed in the cells’ first few cycles
and grown during aging, would act as the protective layer that
inhibited the further decomposition of electrolyte on anode
[13]. Therefore, a more stable and better formed SEI on anode
would sustain the aging of LIBs [13–15].

A protective layer acted as an artificial SEI is an efficient
way to acquire more stable SEI on anode [16–19]. The radio
frequency (rf) magnetron sputtering is a direct way to synthe-
size a uniform layer on the basement material while lithium
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phosphorous oxynitride (LiPON) could be chosen as the pro-
tective layer component, since LiPON is stable with Li and
electrolyte in a wide potential window of 0–5.5 V and pro-
vides an acceptable ionic conductivity at room temperature of
about 10−5–10−6 S cm−1 [20, 21]. Meanwhile, LiPON has
been reported as an efficient artificial SEI on Li and Si anode
for better cycle performance [22–25].

However, sputtering LiPON layer on graphite anode would
only isolate the top of the graphite anode from corrosion by
the electrolyte during storage aging as the electrolyte would
infiltrate into the inner gap of the graphite particle. To our best
knowledge, we cannot know whether the top or the inner part
of graphite anode plays a more important role in the capacity
loss and SEI growing during storage aging, since the top of
graphite anode has a shorter ionic transportation distance
while the inner part has a bigger ionic transportation area
when anode is corroded by electrolyte during storage aging.

In this work, different thicknesses of LiPON layer on anode
are prepared and the storage life performance of Li-ion battery
with and without LiPON layer on anode at elevated tempera-
ture is investigated. The cell electrochemistry impedance
spectroscopy (EIS) during storage aging is recorded, and its
equivalent circuit is simulated as it provides a deeper insight in
the electrochemical process in the electrode/electrolyte inter-
phase. Meanwhile, the anode surface morphology before and
after aging is observed via SEM to analyze the surface stabil-
ity with and without LiPON layer on anode.

Experiment

Cell design

Polymer-coated aluminum vacuum-sealed bag cells with a
capacity of 200 ± 10 mAh were assembled with
LiNi0.8Co0.15Al0.05O2 cathode and graphite anode with or
without LiPON coating. Table 1 lists the components of the
electrodes and electrolyte used and their specifications. Only
one side of the collector was coated with active material to
simplify the sputtering of LiPON. Electrodes were rolled be-
fore sputtering. Before the addition of electrolyte, the assem-
bled cells were dried at 70 °C under vacuum for 24 h to
remove any trace water. Electrolyte was added, and cells were
sealed in argon-filled glove box under inert atmosphere with
H2O < 10 ppm and O2 < 20 ppm. Sealed cells were laid in
bake oven for 24 h at 45 °C to confirm the electrodes and
separator were fully immersed with electrolyte. Then, cells
were vacuum-sealed for electrochemistry test. At the same
time, half cells (2016-type coin cell) with graphite as positive
electrode (diameter of 15 mm) and Li foil as negative elec-
trode were assembled with the same procedure of full cell as
discussed before.

LiPON layer on anode preparation

The LiPON sputtering experiment was carried out by the rf
magnetron sputtering equipment, using Li3PO4 as target and
bare anode as substrate. In this work, the thickness of the
LiPON layer was controlled by adjusting the sputtering time
to keep the component uniformity of the LiPON layer. Anodes
with three different sputtering time (5; 10; 15 min) samples
were prepared, named sample 1, sample 2, and sample 3,
respectively.

Electrochemistry test and storage life experiment

Half cells were cycled as the rate of C/10 (0.18 mA cm−2) for
five times at room temperature between 0.025 and 1.5 V.
Before calendar life experiment, full cells were cycled for five
times at room temperature to get fully activated after assem-
bled. For storage aging experiment, cells were stored at open
circuit in bake oven at 55 °C after being charged to 4.1 V.
Three samples were taken out and cycled for about ten times
after storage for every 30 days to monitor the stable capacity
retention during aging. The EIS was recorded at open circuit
during storage aging for every 15 days, measured at room
temperature after cooled. The entire charge-discharge tests
were under C/5 (40 mA) at room temperature between 2.75
and 4.1 V.

The intermediate EIS measurement of cells during ag-
ing was carried out in a frequency range between 100 kHz
and 0.01 Hz with the 10 mV amplitude at room tempera-
ture, performed in Metrohm Autolab system. The equiva-
lent circuit simulation of EIS was carried out by the pro-
gram Zview.

Table 1 Cell design description

Anode with Cu collector

Graphite 93%

Carbon black 2%

LA133 binder 5%

Anode area density (without collector) ≈ 55 g/m2

Electrode shape 5.5 cm × 22 cm

Cathode with Al collector

LiNi0.8Co0.15Al0.05O2 93%

Carbon black 2%

PVDF binder 5%

Cathode area density (without collector) ≈ 110 g/m2

Electrode shape 5.5 cm × 20 cm

Base electrolyte 1.2 M LiPF6 EC:
EMC 3:7 (vol%)

Separator Cellgard 2320

The components of the electrodes and electrolyte used and their
specifications
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Surface characterization

The surface morphology of anode was characterized before fab-
rication and again before and after aging by field emission scan-
ning electron microscopy (SEM). The thickness of LiPON layer
was estimated by SEM, along with weighing the area density of
the sputtered anode. For SEM observation, cells were

disassembled in Ar-filled glove box and slices of anode were
extracted. The slice of anode was purified by DMC for three
times and dried in vacuum for 12 h. During transformation of
samples to SEM vacuum chamber, samples were exposed to air
for about 30 s unfortunately. The SEM surface morphology of
anode was investigated byHitachi S-4800. For area density char-
acterization, the weight before and after sputtering was recorded;

Fig. 2 The EDS elemental
distribution of anode with LiPON
layer (analysis of Fig. 1b)

Fig. 1 The macro (a) and micro
(b, c) graph comparison of anode
with (a1, b) and without (a2, c)
LiPON layer
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the area density was calculated by the equation ρ =m/S, wherem
represented the mass increased after sputtering; S represented the
area of the sputtering zone.

Results and discussion

The characterization of LiPON layers

Themorphology of the LiPON layer was characterized by SEM,
compared with the bare anode. Part of the graph and SEM mi-
crograph of anodes was showed in Fig. 1. As Fig. 1a–c shows,
the anode with LiPON layer exhibits different surface features
through macro and micro observation, compared with bare an-
ode: The anode with the LiPON layer was much more shinning
than the bare anode because of the glass state of the LiPON layer;
Meanwhile, the gap between graphite particles was blocked or
narrowed by the LiPON layer during the sputtering process aswe
could see from the top view of the anode (Fig. 1b and c). Also,
the top view of SEMmicrograph (Fig. 1b) on anode showed the
LiPON layer on the graphite was not flat but with rough surface.
The EDS analysis of Fig. 1b (anode with LiPON layer) as Fig. 2
depicts showed that the LiPON layer was uniformly sputtered on
the graphite anode as the oxygen (O) and phosphorus (P) were
uniformly distributed. Meanwhile, since the element carbon (C)
was at low content, we could conclude that the top of the anode
was fully covered by the LiPON layer.

The thickness of the LiPON layer was measured on the side
view of the anode. As Fig. 3 shows, the estimated thicknesses
were about 220, 810, and 1250 nm, respectively, for sputtering

5, 10, and 15 min. Meanwhile, the area density of LiPON on
anode was measured to get the precise amount of LiPON layer
on anode. The relationship of area density and thickness ver-
sus sputtering time was showed in Fig. 4. As can be seen from
Fig. 4, the area density and the thickness exhibit a linear rela-
tionship of the same gradient with sputtering time. The linear
relationship did not pass through the origin since it took time
to activate enough Li3PO4 before the first LiPON emerged on
the substrate. The estimated density of LiPON was about
2.6 ~ 3.0 g cm−3

, which was higher than the reported LiPON
density [26] as the area used here was macro area, smaller than
the real micro area.

To investigate the ionic conductivity of LiPON, a 2500-
nm-thick LiPONwas deposited between twometal electrodes,

Fig. 3 SEM micrograph of
sample 1 (a), sample 2 (b), and
sample 3 (c) graphite anode
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as Fig. 5 shows. The EIS was measured at 25 °C. The specific
ionic conductivity could be calculated via:

σ ¼ d
R� S

while d represented the thickness of the layer, S represented
the specific electrode area of the test layer; R represented the
resistance, determined by low frequency intersection with the
real axis in the EIS spectrum. With this measurement, a con-
ductivity of 5 ~ 10 × 10−6 S cm−1 at 25 °C was estimated.
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Fig. 5 SEM image of EIS test
LiPON layer (a) and impedance
data of the 2500 nm LiPON layer
and corresponding sample setup
(b)

Fig. 6 The first lithiation and
delithiation curves of the graphite/
Li coin cell at C/10
(0.181 mA cm−2)
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Cell performances

Figure 6 showed the first lithiation and delithiation curves of the
graphite/Li coin cell at C/10 (0.181 mA cm−2) with and without
the LiPON layer on graphite electrodes. As seen in Fig. 6, the

LiPON layer on graphite electrodes did not affect the graphite
charge-discharge platform. But as showed in the magnified im-
ages, the first lithiation and delithiation capacities were improved
with the addition of the LiPON layer, though the improvement
was very weak. That indicated that the LiPON layer was
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30 days at 55 °C
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involved in the Li+ transportation, but had little impacts on the
capacity during the lithiation/delithiation progress.

F i g u r e 7 d e p i c t s t h e r a t e p e r f o rm an c e o f
LiNi0.8Co0.15Al0.05O2/graphite full cell with and without
LiPON layer on anode. As can be seen in Fig. 7, the LiPON
layer on anode did not have remarkable impacts on the capacity
of the full cell at C/5, C/2, and 1C.However, when discharging at
a higher rate (2C and 5C), the capacity was decreased along with
the thickness of the LiPON layer on anode. The capacity reten-
tion was 80.8, 79.9, 79.4, and 76.5% at 2C and 47.7, 42.1, 36.4,
and 28.0% at 5C, respectively, for bare anode, sample 1, sample
2, and sample 3 anodes.

Figure 8a–c shows the charge-discharge curves of the
LiNi0.8Co0.15Al0.05O2/graphite full cell storage aged at 55 °C
for different days, using anode with different thicknesses of
LiPON. As seen in Fig. 8, there is no significant change on the
discharge capacity of the cell with or without LiPON layer on
anode before storage aging,which indicated that the LiPON layer
did not affect the lithiation/delithiation of graphite anode at cur-
rent charge-discharge rate (C/5) in full cell. However, an obvious
improvement on the storage aging stability was observed upon
storage aging at elevated temperature (55 °C). All the cells suf-
fered capacity fading upon storage at elevated temperature. The
discharge capacity of cell storage aged for 30 days were 188,
189, 187, and 185 mAh, respectively, for the bare anode, sample
1, sample 2, and sample 3 anodes. After storage aged for 90 days
at 55 °C, the discharge capacity of cell with bare anode was
160 mAh or 80% capacity retention. However, the cells with
sample 1 ~ 3 anode showed improved storage aging stability,

166, 174, 176mAh (83, 87, and 88% capacity retention), respec-
tively. Meanwhile, the storage aging results showed that the
thicker LiPON layer on anode exhibited better capacity retention
during storage aging.

The EIS of the cells during storage aging, along with the
surface analysis of anode extract from anode with and without
LiPON layer, as described below, provided insight into the
sources of differences in capacity retention at elevated
temperature.

The EIS analysis with and without LiPON

EIS simulation was a powerful tool to interpret the Li-ion and
electron migration mechanism, interfacial phenomenon, and
failure mechanisms [27, 28]. Figure 9 shows a typical imped-
ance spectrum of the test full cell with or without LiPON layer
on anode and a widely used equivalent circuit, representing
both electrodes, the electrolyte and the current collectors [28].
In relation to the electrochemical processes, the resistance R1,
represented the resistance due to the electrolyte, was given by
the intercept of impedance curves with the real axis in the
Nyquist diagram. The semicircle, appearing at high frequency,
represented the solid-electrolyte interphase resistance of both
electrodes, while the smaller one, appearing at low frequency,
represented the charge-transfer resistance. The R2CPE1-ele-
ments and R3CPE2-elements in the equivalent circuit repre-
sented the semicircle at high and low frequency, respectively.
The Warburg element Wo represented the charge diffusion in
the electrodes [28–30]. The elements in EIS of full cell, like

Fig. 12 The SEM micrograph of
anode extracted from cell with a
bare anode and b sample 2 anode
before storage, and c bare anode
and d sample 2 anode after
storage aging at 55 °C for 90 days
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solid electrolyte resistance and charge-transfer resistance,
were affected by both electrodes. Since the LiPON layer was
only deposited on anode and would not have impacts on cath-
ode, we could attribute the changes of full cell EIS to the
impacts of LiPON layer on anode.

During storage aging, for every 15 days, the cells for
EIS test were sampled and cooled, and then the EIS

spectroscopy was recorded at room temperature, as shown
in Fig. 10. The values of elements R1, R2, and R3, which
represented the electrolyte resistance, interphase resis-
tance and charge-transfer resistance, respectively, were
simulated by Zview. In Fig. 11, the simulated values of
R1, R2, and R3 during storage aging with different anodes
were illustrated.

a

Fig. 13 The SEM side view of bare anode (a) and sample 2 anode (b) after storage aging at 55 °C for 90 days and its corresponding EDX elemental
mapping
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As can be seen in Fig. 11a, the LiPON layer on anode did not
have much impact on the bulk resistance of the test cell before
and during storage aging. Meanwhile, the simulated value of R1
was much smaller than the values of R2 and R3 and the bulk
resistance had only few changes during storage aging which
may result from the test error and simulating error. It indicated
that the ionic transportation of remaining electrolyte and LiPON
layer was not remarkably affected during storage aging, though
part of the electrolyte would be consumed.

However, the interphase resistance R2 significantly decreased
before storage and the increase of the interphase resistance R2
during storage aging was restrained when the LiPON layer was
sputtered on anode, as Fig. 11b shows. Thatmight result from the
resistance of the well-formed and attached anode-LiPON inter-
phase would be smaller than the normal anode-electrolyte inter-
phase resistance since the LiPON layer would act as electrolyte
and R2 was representing combination of the solid-electrolyte
resistance. Meanwhile, the charge-transfer resistance R3 became

b

Fig. 13 (continued)
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larger and increased faster during aging with the addition of
LiPON layer. The cell with the thickest LiPON layer exhibited
the highest charge-transfer resistance, along with the highest ca-
pacity retention, as Fig. 11c shows. Since the full cell resistance,
including interphase resistance and charge-transfer resistance, is
the combination of the resistance of both electrodes [28, 30, 31],
we could propose that the LiPON layer on anode decreased the
anode/electrolyte interphase resistance and increased the charge-
transfer resistance of the anode. The charge-transfer resistance
could be used as a kinetic parameter to analyze the rate of faradic
reaction while high charge-transfer resistance generally
corresponded to low reaction rate [29]. Hence, the storage aging,
mainly induced by the Li loss in anode which was caused by the
corrosion of electrolyte [3, 4, 32], would be restrained by the
increase of the charge-transfer resistance though the addition of
LiPON layer on anode.

The improved capacity retention and increased charge-
transfer resistance indicated that the LiPON layer would decrease
the electrolyte corrosion rate with lithium in anode during storage
aging. Based on our observation, we proposed an explanation for
the effect. First, the LiPON layer on the top of the anode would
protect the top of the graphite from electrolyte corrosion.
Meanwhile, parts of the gap between graphite particles on the
top of the anode would be blocked or narrowed during the
sputtering process, resulting in longer electrolyte exchange
routing from the inner part of the anode to the surface and ending
in lower electrolyte corrosion rate on the surface the inner anode
graphite during storage aging.

The SEM analysis of anode

To characterize the anode surface morphology after aging, cells
were disassembled in Ar-filled glove box and a slice of anode
was cut and cleaned by rinsing with pure DMC. Then, the slice
of anode was transformed to the SEM chamber with exposure to
air for about 30 s unfortunately. Fig. 12 shows the top view of the
surface morphology of aged bare anode and sputtered anode
(sample 2) before and after storage aging at 55 °C for 90 days.
As shown in Fig. 12c, a rough layer was immersed on the graph-
ite bare anode, compared with the fresh bare anode as shown in
Fig. 12a, which resulted to the SEI growing on anode, induced
by the decomposition of electrolyte [3, 8, 33]. However, there is
no significant change on the surface morphology of the LiPON-
protected aged anode, confirming that the LiPON layerwould act
as a protective layer and shut down the electrolyte corrosion on
the top of anode.

Meanwhile, the side view of the aged anode was observed to
analyze the inner part of the graphite in anode. Figure 13 shows
the typical side view and its corresponding energy-dispersive X-
ray spectroscopy (EDX) elemental mapping images of anode
after storage aging at 55 °C for 90 days with and without
LiPON layer on anode. As seen from the EDXmapping images,
on the aged anode without LiPON, the elements, inluding

oxygen (O), fluorine (F), and phosphorus (P), were evenly
disctributed on the graphite particles from the surface to the bot-
tom of the anode. However, on the aged anodewith LiPON layer
protected, the compcact distribution of P and O at the top of the
anodewas atributed to the LiPON layer.While the distribution of
P and O in the inner part of the anode was more dispersive than
the aged bare anode, the F distributuion was proportionate. The
elements F, P, andOwere originated from the following reactions
(EC as an example for the electrolyte solvent) [34, 35]:

2ECþ 2Liþ þ 2e−→ CH2OCO2Lið Þ2↓þ CH2 ¼ CH2 ð1Þ
ECþ 2Liþ þ 2e−→Li2CO3↓þ CH2 ¼ CH2 ð2Þ
LiPF6⇄LiF↓þ PF5 ð3Þ
PF5 þ Li2CO3→LiPF4O↓þ CO2 þ LiF↓ ð4Þ

that indicated the LiPON layer inhibited the decomposition of
electrolyte solvent in the inner part of the anode since the
elements of P and O was origin from the decomposition of
the electrolyte solvents. That reconfirned the expalantion that
the LiPON layer blocked or narrowed the gap between the
graphite particles and inhibited the electrolyte exchange from
the inner anode to the surface, resulting in lower rate of the
electrolyte solvent corrosion in the anode, while the transpor-
tation of LiPF6 (Li

+ and PF6
− in electrolyte) was not affected

since the transportation of ion (Li+ and PF6
−) was much easier

than a molecule (electrolyte solvents) from the inner anode to
the surface.

Conclusion

In this paper, we discussed the ability of LiPON layer-covered
graphite anode, to significantly improve the capacity retention of
pouch cells with LiNi0.8Co0.15Al0.05O2 cathode during storage
aging. Three different thicknesses of LiPON layer on anode were
prepared, and the capacity retention of cells during storage aging
increased along with the growing of LiPON layer thickness. The
thickest LiPON layer, about 1250 nm, exhibited 88% capacity
retention at 55 °C for 90 days, compared with 80% for bare
anode. The EIS analysis of cells with and without LiPON layer
on anode revealed the cells with LiPON layer on anode would
have smaller interphase resistance but larger charge-transfer re-
sistance than cells with bare anode during storage aging, while
these changes of impedances resulted in lower electrolyte corro-
sion rate and ended in higher capacity retention. The SEM mi-
crograph confirmed the protective effect of LiPON layer as no
significant corrosion products were observed on aged LiPON-
covered anode, while on aged bare anode, significant SEI grow-
ing was observed. The EDX elemental mapping of the side view
of the anode reconfirmed the corrosion of electrolyte solvent in
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the inner part of the anode was restrained with the LiPON layer
on the top of the anode.
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