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The development of high energy density Li-O2 batteries is hindered by many scientiﬁc and technological
challenges, especially the intrinsic corrosion of the lithium metal anode induced by O2, H2O and discharge
intermediates in electrolytes. In response, as a proof-of-concept experiment, we ﬁrst propose and demonstrate a
facile and highly eﬃcient strategy for the in situ growth of a self-healing protective ﬁlm on a lithium metal
anode, wherein tetraethyl orthosilicate plays a key role as a novel ﬁlm-forming electrolyte additive. This additive
can spontaneously and eﬀectively react with the main component of the detrimental surface corrosion layer
(lithium hydroxide) on the lithium metal anode, forming a self-healing protective ﬁlm with dynamic repair
ability during the cycling process. Unexpectedly, the protected lithium metal anode endows the Li-O2 batteries
with signiﬁcantly improved battery cycle performance (up to 144 cycles). We consider that our facile, low-cost,
and highly eﬀective lithium protection strategy presents a new avenue to address the daunting corrosion
problem of lithium metal anodes in Li-O2 batteries, which can be easily extended to other metal-O2 battery
systems such as Na-O2 batteries.

1. Introduction
Next-generation batteries with high energy density are urgently
needed for the development of electric vehicles and smart grid storage
[1]. The lithium-oxygen (Li-O2) battery is a promising candidate
because of its extremely high speciﬁc energy density (3500 Wh kg-1),
which is approximately tenfold higher than that of lithium-ion batteries
[2–5]. A typical Li-O2 battery is composed of an oxygen cathode and a
lithium metal anode. The use of a reversible lithium metal anode is
crucial to obtain high energy density in the Li-O2 battery owing to its
low density (0.53 g cm-3), ultrahigh speciﬁc energy density
(3860 mA h g-1) and extremely low negative electrochemical potential
(-3.04 V vs the standard hydrogen electrode) [6,7]. However, the
intrinsic corrosion induced by O2, H2O and discharge intermediates
(especially the superoxide radical anion O2- and the peroxide radical
anion O22-) in the electrolyte leads to inferior reversibility of lithium
metal anodes in Li-O2 batteries [8–10]. Worse, lithium metal anodes
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face the danger of being depleted, which can lead to total battery failure
[11–13]. Therefore, it is important to develop a facile but eﬀective
strategy to protect Li metal anodes in Li-O2 batteries.
Recently, several creative protection methods for lithium metal
anodes in Li-ion batteries have been reported. However, most of these
strategies are not very eﬀective for the protection of Li metal anodes in
Li-O2 batteries. For example, a number of studies have demonstrated
that the use of a 3D structure with a high speciﬁc surface area can
alleviate large volume changes and prevent uncontrollable dendrite
growth [14–17]. Unfortunately, owing to the presence of O2, H2O and
strong oxidative discharge intermediates in the electrolyte of Li-O2
batteries, a high speciﬁc surface area of the 3D structured electrode
would expedite the depletion of the deposited Li and battery failure.
Therefore, the protection of Li metal anodes in Li-O2 batteries is more
challenging than that in Li-ion or Li-S batteries. To date, lithium
protection approaches in Li-O2 batteries are relatively unexplored and
remain limited to tailored polymer separators [18–20] and protection
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cathode was approximately 0.45 mg cm-2. Next, 2025 coin cells with
holes were assembled using a lithium sheet as the anode. Then, the GF
separator was placed on the Li anode, and 80 µl of electrolyte was
injected, followed by the addition of the cathode and Ni foam. Finally,
the coin cells were pressurized using an automatic crimping machine.
The batteries were prepared in an Ar-ﬁlled glove box (< 0.1 ppm O2 and
H2O).

ﬁlms [21,22]. Unfortunately, these methods are still plagued by various
drawbacks, such as multistep and time/cost-consuming preparation
processes and, in particular, the unsatisfactory stability of polymer
materials and protection ﬁlms in a highly corrosive and O2-/
O22-containing environment [23]. Therefore, it is urgently desired but
also a great challenge to develop a facile, low-cost, eﬀective and longlasting protection strategy to protect lithium metal anodes in Li-O2
batteries.
Silane pretreatment of Li metal anodes has been reported to
produce a protection ﬁlm for a stable stripping/plating process in Liion battery on account of reacting with hydroxyl groups on lithium
metal to generate a protection ﬁlm [24,25]. However, the low concentration of hydroxyls on fresh metal lithium which makes the ﬁlm too
sparse and the pretreated method itself cannot provide an eﬃcacious
and long-acting protection. Herein, as a proof-of-concept experiment,
we propose and demonstrate a facile, low-cost, and very eﬀective
strategy to protect the lithium metal anode in Li-O2 batteries in situ by
using tetraethyl orthosilicate (TEOS) as a novel ﬁlm-forming electrolyte
additive. This additive spontaneously reacts with the main lithium
corrosion product, lithium hydroxide (LiOH), to form a Si-O-containing ﬁlm on the lithium metal anode in real time and provide a dynamic
self-healing eﬀect. This ﬁlm could eﬀectively prevent lithium from
further corrosion by O2, H2O, and discharge intermediates in the
electrolyte, thus eﬀectively improving the stability of the lithium anode.
Unexpectedly, the protected lithium metal anode endows the Li-O2
batteries with signiﬁcantly improved battery cycle performance (up to
144 cycles).

2.5. Characterization
Powder X-ray diﬀraction (XRD) measurement was performed using
a Bruker D8 Focus Powder X-ray diﬀractometer with Cu Kα (λ =
0.15405 nm) radiation (40 kV, 40 mA). Scanning electron microscopy
(SEM) and element mapping were carried out with a ﬁeld emission
scanning electron microanalyzer (Hitachi S4800) operated at an
accelerating voltage of 10 kV. X-ray photoelectron spectroscopy (XPS)
analysis was carried out on a VG Scientiﬁc ESCALAB MKII X-ray
photoelectron spectrometer using an Al Kα source. FTIR tests were
carried out on a Nicolet iS5 spectrometer. The galvanostatic charge/
discharge tests were conducted with a Land CT2001A at room
temperature in an O2 chamber. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests were performed using a
BioLogic VMP3 electrochemical workstation.
3. Results and discussion
Fig. 1 demonstrates the hypothetical protective ﬁlm formation
process in Li-O2 batteries with TEOS electrolyte additive. Generally,
when the lithium metal anode operated in Li-O2 batteries, the highly
corrosive environment will turn the surface of lithium metal anode to
the detrimental corrosion products LiOH. But in the Li-O2 batteries
with the TEOS additive, the corrosive product LiOH is a necessary
ingredient for the in situ ﬁlm formation process, which will react with
TEOS electrolyte additive via a non-hydrolytic sol-gel process just like
the reactions in Fig. S1. LiOH can react with TEOS, then forming a thin
layer of lithium silicate (reaction 1 and reaction 2). If this reaction is
continued, the SiO2 will be formed through the reaction (reaction 3) in
the end.
For the sake of verifying the above hypothesis, X-ray photoelectron
spectroscopy (XPS) was employed to analyze the elemental composition of the protective ﬁlm on lithium metal anode in Li-O2 batteries
with TEOS electrolyte additive after one cycle. As shown in Fig. 2a, the
XPS spectra of Li 1s can be deconvoluted into two peaks at 54.9 and
55.4 eV. The former peak can be assigned to Li-O which derive from the
thin ﬁlm of LixSiOy formed on Li metal anodes, whereas the latter can
be ascribed to a small quantity of Li2CO3 formed on Li metal anodes
during cycling [9]. The Si 2p spectrum in Fig. 2b can be ﬁtted by four
peaks. The peaks centered at 101.1 and 101.9 eV can be assigned to
LixSiOy and the other two peaks belong to SiO2. In the C 1s spectrum
shown in Fig. 2c, the various peaks located at 284.5, 285.1, 287.1 and
290 eV could be assigned to functional groups related to C-C, C-H, C-O
and carbonate groups. For the O 1s spectrum in Fig. 2d, the peaks at
530.2, 531.2, 531.7 and 532.7 eV correspond to LixSiOy, Li2CO3, SiO2
and C-O functional groups. From the above, the presence of LixSiOy
and SiO2 in the protective ﬁlm which results from the reactions in Fig.
S1 could be determined.
To further demonstrate the eﬀect of TEOS electrolyte addition, the
electrochemical performance of Li-O2 batteries with BL, TPL and TAL
were evaluated. First, the cyclic voltammetry (CV) curves under O2 and
Ar atmospheres were examined (Fig. S2a,b). The batteries under Ar
showed negligible current densities (Fig. S2a), whereas the same battery
in O2 exhibited obvious cathodic and anodic peaks at potentials
consistent with those in the literatures (Fig. S2b), verifying that the
TEOS electrolyte additive does not aﬀect the main reaction of the Li-O2
battery [27,28]. Fig. 3 shows the discharge-charge curves and terminalpotential proﬁles of three diﬀerent types of lithium metal anodes in Li-

2. Materials and methods
2.1. Chemicals and materials
TEGDME, LiCF3SO3, TEOS, RuCl3·xH2O, KO2 and NMP were
purchased from Aladdin Reagent. Pluronic F127 was purchased from
Sigma-aldrich. Carbon paper was purchased from Torray Japan.
Lithium sheets were purchased from China Energy Lithium Co., Ltd.
Polyvinylidene ﬂuoride (PVDF) was purchased from Arkema. CNTs
were purchased from Cnano Technology Ltd. Super P carbon was
purchased from the TIMCAL Graphite & Carbon.
2.2. TPL anode preparation
TPL was prepared by placing untreated lithium into TEOS for 5 min
and then dried in an Ar-ﬁlled glove box at room temperature.
2.3. FTIR sample preparation
In a glove box, 0.355 g KO2 was added to 5 ml of diﬀerent types of
electrolyte (common electrolyte, TEOS additive electrolyte or pure
TEOS) and stirred for 100 h. Then, all the samples were dropped onto a
transparent KBr pellet for testing.
2.4. Li-O2 battery preparation and measurements
The electrolyte solution was prepared by dissolving 1 M LiCF3SO3
in TEGDME with or without 5 wt% TEOS electrolyte additive in an Arﬁlled glove box (< 0.1 ppm O2 and H2O). Super P and PVDF binder in a
weight ratio of 4:1 were uniformly dissolved in NMP and subsequently
sprayed onto carbon paper (TGP-H-060, Toray, φ = 12 mm) as the air
cathode. Then, it was dried at 80 °C for 1 d under vacuum to remove
residual solvent. The Ru/CNTs were also prepared using our previously
reported method for long time galvanostatic cycling tests with a speciﬁc
capacity of 1000 mA h g-1 [26]. Brieﬂy, 200 mg CNTs, 1 g Pluronic F127
and 200 mg RuCl3·xH2O were dispersed in distilled water and then
stirred well. The obtained mixture was dried and then heated at 300 °C
for 3 h under 5% H2/Ar in tubular furnace. The ﬁnal loading mass of
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Fig. 1. Schematic illustration of the lithium protection ﬁlm formation mechanism on TAL in Li-O2 batteries.

O2 batteries. It was explicitly found that the Li-O2 batteries with BL and
TPL only cycled for 70 cycles and 88 cycles, respectively, when the cutoﬀ voltage was restricted to 2.0 V. Encouragingly, 144 discharge-charge
cycles were obtained with TAL under the same conditions. The
signiﬁcant amelioration of cycle performance is attributed to the more
stable lithium surface and eﬀectively reduced corrosion [18,21,29]. The
rate performance was displayed in Fig. S8, the Li-O2 batteries with TEOS

electrolyte additive behave a better rate performance even at the high
current density of 1000 mA g-1. Though the rate performance of cathode
should be similar in three kinds of batteries, the rate performance of
anodes have been improved a lot after protection in Fig. S9. The
symmetrical batteries with TEOS addition exhibit much more stable
rate voltage proﬁles than those without protection even at a high current
density of 0.5 mA cm-2 which amount to the current density of 1729 mA

Fig. 2. The (a) Li 1s, (b) Si 2p, (c) C 1s and (d) O 1s XPS spectra of the TAL anode in Li-O2 battery after one cycle.
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Fig. 3. Discharge-charge curves of Li-O2 batteries with a) BL, c) TPL, and e) TAL anode and the corresponding terminal voltage curves with b) BL, d) TPL, f) TAL. All battery
performances shown in this ﬁgure were tested with a ﬁxed capacity of 1000 mA h g−1 at a current density of 300 mA g−1.

g-1 in Li-O2 batteries. This improvement can be attributed to the fact that
the TEOS addition can help to form a stable protection ﬁlm on lithium
and build a stable Li/electrode interface [30]. To further demonstrate
whether the TEOS electrolyte additive inﬂuences the discharge process
of the Li-O2 battery, full discharge curves and the XRD curves, SEM
images of discharge products were examined. Fig. S10 shows the
discharge curves of Li-O2 batteries with three diﬀerent types of lithium
metal anodes. It can be seen that they all exhibit similar discharge
capacities, which indicates that the TEOS electrolyte additive does not
aﬀect the discharge process of the Li-O2 batteries. In Fig. S14, the XRD
patterns and SEM images show that the discharge products of Li-O2
batteries with three diﬀerent types of metal anodes are crystalline toroidshaped Li2O2 particles, similar to the discharge products of Li-O2
batteries in other literature reports [31–33].
The electrochemical stability of Li-O2 batteries with TEOS electrolyte additive is also examined. In Fig. S15, compared with the poor
electrolyte stability of Li-O2 batteries without TEOS electrolyte additive, the linear sweep voltammetry (LSV) curves of Li-O2 batteries with
TEOS electrolyte additive display an electrolyte window of around 4.25
V vs Li/Li+ which is 0.45 V higher than the batteries without TEOS
additive. To ascertain the reason of this improvement, we tested the
electrochemical stable window of pure TEGDME, pure TEOS and the
TEOS with saturated Li salt (the solubility of LiCF3SO3 in TEOS is

much lower than 1 M). As Fig. S16 shows, the electrochemical stability
window of pure TEGDME is much lower than pure TEOS and TEOS
with saturated Li salt, which can indicate the good electrochemical
stability of TEOS. We conjecture that the stable TEOS addition has a
positive interaction with the unstable TEGDME and stabilize the
electrolyte itself. In addition, because the solution of LiCF3SO3 in
TEOS is very little, so the TEOS itself may be act as an “inert” diluent,
which form a localized high concentration electrolyte and behave a
wider electrochemical stability window [34]. Besides, to conﬁrm the
chemical stability of TEOS in the strongly oxidative environment of LiO2 batteries, KO2 was added to the electrolyte and stirred for 100 h for
Fourier transform infrared spectroscopy (FTIR) tests [35,36]. As
shown in Fig. S17, although the peaks at 1128 cm-1 and 1300 cm-1
become the peak at 1272 cm-1 after adding KO2, the same phenomenon
can also be observed upon comparing the spectra of the common
electrolyte without and with KO2 after stirred for 100 h. This result can
be attributed to the instability of common electrolyte, which is a
general and thorny problem in Li-O2 batteries [37,38]. To further
demonstrate the stability of TEOS, the FTIR spectra of pure TEOS
without and with KO2 after stirred for 100 h were analyzed and are
shown in Fig. S18. There is also no obvious diﬀerence between them,
indicating the relative stability of TEOS in the strongly oxidative
environment in Li-O2 batteries.
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of LiOH accumulated on the Li metal surface in the absence of
protection. As shown in Fig. 4e, the XRD diﬀraction peaks of TPL
indicate less corrosion compared with that of BL. However, in the
subsequent cycles, obvious LiOH peaks signify the limited protective
eﬀect during cycles without dynamic repair and ﬁnally result in the
failure to protect Li metal anodes. In sharp contrast, the XRD peaks of
TAL display no obvious LiOH signal until 50 cycles, conﬁrming that the
TEOS electrolyte additive can provide long-lasting protection (Fig. 4i).
The relative morphological evolution of the three types of lithium metal
anodes was obtained from SEM images. The surface morphology of
TAL after one cycle displayed a uniform and smooth surface morphology (Fig. 4j), which is a result of the reaction between TEOS and LiOH
that generates the protective ﬁlm. As the cycling goes on, the protection
results show striking diﬀerences among the three types of lithium metal
anodes. The surface morphology of BL after cycles is much rougher
compared with that of TPL and TAL, indicating the serious corrosion of
the Li anode without any protection (Fig. 4b, c, d). The TPL shows an
alleviated corrosion condition compared with that of BL (Fig. 4f, g, h),
but its surface is more rugged than that of TAL. As shown in Fig. 4j, k, l,
the morphological evolution of TAL shows no obvious rough surfaces
and relatively uniform morphology even after 50 cycles, conﬁrming
that the TEOS electrolyte additive can provide eﬀective and longlasting protection for lithium metal anodes. Furthermore, the exhaustive stripping tests of three kinds of lithium after 50 cycles were carried
out to verify the protection eﬀect in Fig. S22. Compared with the
exhaustive stripping capacity of pristine Li sheet (44.748 mA h), the
remaining capacity of TAL after 50 cycles is 40.188 mA h while that of
TPL and BL is only 29.474 mA h and 16.282 mA h which can verify the
excellent long-lasting protection of TEOS. All these results can conﬁrm
the eﬀectiveness of TEOS addition on lithium protection in Li-O2
batteries.
This long-lasting and excellent protection of TEOS electrolyte
addition can be attributed to the self-healing eﬀect due to the reaction
between TEOS and LiOH. For purpose of illustrating this particular
eﬀect during the cycling process, TPL was chosen as the contrast
material. First, Si element mapping measurement was used to display

The electrochemical impedance spectrum (EIS) is a general and
eﬀective tool to illustrate the corrosion condition of lithium metal
anodes because the by-products resulting from side reactions on
anodes can increase the resistance of the battery [21]. The EIS results
of storing for diﬀerent time with three diﬀerent types of anodes are
shown in Fig. S19. With the storage time prolonging, the corresponding
impedance values of batteries with BL and TPL increase sharply,
indicating the more severe corrosion from the electrolyte and O2. In
sharp contrast, far fewer impedance changes are observed even after
96 h in a Li-O2 battery with TAL, which can be attributed to the
eﬀective and long-lasting self-healing ﬁlm on the lithium metal anode.
The EIS results of Li-O2 batteries with diﬀerent anodes after diﬀerent
cycles are also provided in Fig. S20. As the cycling process goes on, the
impedance values of TAL grows much lower than those of BL and TPL.
In order to better demonstrate the corrosion condition of lithium metal
anode, we disassemble the Li-O2 battery with BL, TPL and TAL after 50
cycles and reassemble the Li/Li symmetrical batteries. The symmetrical
batteries exclude the disturbance of electrolyte and cathode and focus
on the corrosion condition of lithium. The increase of the impedance is
wholly resulted from the corrosion of lithium and can better reveal the
corrosion eﬀect of lithium metal anode. In Fig. S21, the impedance of
symmetrical batteries with TAL is much lower than those with BL and
TPL which indicate the good protection eﬀect of TEOS electrolyte
addition. All these improvements further verify the eﬀect of the TEOS
electrolyte additive, which can provide eﬀective and long-lasting
protection to stabilize the interface of lithium metal anodes.
To clearly reveal the corrosion condition of the lithium surface
before and after protection, the composition and morphological evolution of three diﬀerent types of lithium metal anodes were investigated
by ﬁeld emission scanning electron microscopy（FESEM）and X-ray
diﬀraction (XRD). The amount of LiOH can be regarded as the
corrosion degree of the lithium metal anode in the Li-O2 battery
[21]. As shown in Fig. 4a, the XRD pattern of BL shows an obvious
LiOH peak after 10 cycles, indicating that the Li suﬀers a strong degree
of corrosion. As the cycling processes, the XRD pattern of BL after 50
cycles shows much stronger LiOH peaks, indicating that a large amount

Fig. 4. XRD patterns taken from a) BL, e) TPL, and i) TAL anodes at diﬀerent cycles. SEM images of BL anode morphological evolution b) before cycling, c) after the 20th cycle, and d)
after the 50th cycle. SEM images of TPL anode morphological evolution f) before cycling, g) after the 20th cycle, and h) after the 50th cycle. SEM images of TAL anode morphological
evolution j) after the 1st cycle, k) after the 20th cycle, and l) after the 50th cycle. The insets of SEM images are high-magniﬁcation versions of the corresponding SEM images of the Li
metal anode at diﬀerent cycles.
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Fig. 5. a) SEM images of TPL and b) corresponding Si element mapping of TPL before cycling, c) SEM images of TPL and d) corresponding Si element mapping of TPL after 50 cycles. e)
SEM images of TAL and f) corresponding Si element mapping of TAL after one cycle, g) SEM images of TAL and h) corresponding Si element mapping of TAL after 50 cycles. Si 2p XPS
spectra of TPL i) before cycling, k) after 50 cycles. Si 2p XPS spectra of TAL j) after one cycle, l) after 50 cycles.

contains Si-O before and after 50 cycles, the much weaker peaks
indicate a reduced amount of Si-O due to the damage to the protection
ﬁlm during cycles. In sharp contrast, as shown in Fig. 5j and l, Si-O is
still the main surface component of TAL in Li-O2 batteries after 50
cycles with no decrease in content, which demonstrates that the surface
composition scarcely changed after 50 cycles owing to the long-lasting
self-healing protective eﬀect of the TEOS electrolyte additive.
According to the above results, a more preferable protection of TAL
than TPL and BL can be illustrated as follows. As Fig. 6 shows, without
any eﬀective protective measures, BL will be corroded to LiOH rapidly
in the highly corrosive environment of the Li-O2 battery. The ﬁlm

the changes in surface element distribution on two kinds of lithium
metal anodes. In Fig. 5a-d, less Si element is present on the TPL
surface after 50 cycles than before, indicating that the Si-O coating
layer is damaged and not repaired, thus leading to protection failure. In
sharp contrast, Fig. 5e-h shows a strong Si element signal before and
after the cycles, verifying that the self-healing eﬀect of protection ﬁlm
can eﬀectively improve the problem of the ﬁlm being damaged without
repair during cycling. Then the Si 2p XPS spectra of the two kinds of
metal anodes in Li-O2 batteries before and after 50 cycles were used to
further conﬁrm the self-healing eﬀect of the ﬁlm during the cycling
process. In Fig. 5i and k, although the TPL surface composition

Fig. 6. The protection mechanism comparison of the three kinds of lithium metal anodes.
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formed on TPL stabilizes the lithium metal anode to some extent due to
the reaction between the hydroxyl on Li and the TEOS. However, the
protective ﬁlm will be damaged during long-term cycling in the highly
corrosive environment and ﬁnally lead to protection failure. In fact, the
failure of the protective ﬁlm is still a daunting challenge for any
protection layer without dynamic repair ability. In sharp contrast, with
the help of the TEOS electrolyte additive, after corrosion LiOH forms
on the Li metal surface, TEOS will react with LiOH to form an in situ
protective ﬁlm. Even when the ﬁlm is damaged due to long-term
cycling in the highly corrosive environment, the TEOS in the electrolyte
will provide a self-healing eﬀect by reacting with bare LiOH to
dynamically repair the ﬁlm, thus improving the electrochemical
performance and the reversibility of lithium metal anodes.

[10]

[11]

[12]
[13]
[14]

[15]

[16]

4. Conclusion

[17]

In summary, this study is the ﬁrst to propose and demonstrate a
facile, low-cost, very eﬀective strategy to protect the lithium metal
anode in situ by using TEOS as a novel electrolyte additive in Li-O2
batteries, which can react with the intrinsic anodic corrosion LiOH to
form a protective ﬁlm and provide a dynamic self-healing repair eﬀect.
With this protection method, there is no evident LiOH peak in the XRD
patterns after 50 cycles, and the morphology remains much smoother
than in the control batteries. Most importantly, the additive also
beneﬁts the battery cycle performance (up to 144 cycles) of Li-O2
batteries. All these results are considered to stem from the in situ
growth of a self-healing protective ﬁlm, which provides a dynamic
repair eﬀect for lithium metal anodes in Li-O2 batteries. Based on these
results, this eﬀective, long-lasting, facile and low-cost protection
strategy will encourage further studies on the protection of Li metal
anodes in Li-O2 batteries, even in Na-O2 batteries.
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