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a b s t r a c t

Li–S batteries have shown great potential as secondary energy batteries. However, the side reaction be-

tween Li anodes and polysulfides seriously limited their practical application. Herein, the artificial pro-

tective film, which is consisted of Li-Nafion and TiO2, was designed and successfully prepared to achieve

a corrosion-resistant Li anode in Li-S battery. In the composite protective film, the Li-Nafion could effi-

ciently prevent the contact between Li anodes and polysulfides, and the incorporation of TiO2 nanoparti-

cles into the Nafion could significantly increase the ionic conductivity and mechanical strength of the pro-

tective film. Li-Li symmetric cells with an optimal artificial protective film exhibited an extended cycle-

life of 750h at a current density of 1mA/cm2 in Li2S8 electrolyte. Moreover, the Li–S full battery with an

optimal protective Li anode exhibited higher capacity retention of 777.4 mAh/g after 100 cycles at 0.1 C

as well as better rate performance than the cell with a pure Li anode. This work provides alternative

insights to suppress the side reaction for Li–S batteries with high capacity retention.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-sulfur (Li–S) batteries have become a very promising

next-generation energy battery due to the high theoretical energy

density (2600Wh/kg), environmental friendliness, and abundant S

reserve [1–6]. However, the practical application of Li–S batter-

ies have been severely hindered due to the capacity attenuation

caused by the side reaction between polysulfides (PSs) in elec-

trolyte and Li metal anode [7–9]. So far, the side reaction is rarely

discussed from the perspective of the anode protection in previ-

ous reports. Under the action of concentration field, the soluble

high-order PSs can migrate to the side of the Li metal anode and

then react with it to form low-order PSs. Moreover, under both the

action of concentration field and electric field, low-order PSs can

move back to the side of the cathode and react with it, resulting

in the loss of active materials such as S and Li. The successive reac-

tions cause serious decline of capacity [10]. Hence, it is urgent to

develop a strategy to mitigate the side reaction for high-capacity

retention in Li–S batteries.

Among all methods, the artificial protective film is a feasible

strategy to suppress the occurrence of the side reaction [11–14].

As a representative work, Lai’s group fabricated an in-situ artificial

protective film through the chemical reaction between Mg2N3 and

Li foil for stable lithium anode [15]. Regrettably, the PSs in elec-
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trolyte could infiltrate into the protective film and react with the

Li metal anode, which would result in the formation of Li2S on the

surface of the Li anode [16]. The Li2S will exacerbate the instabil-

ity of the routine solid electrolyte interface (SEI) film, and further

aggravate the anode failure [17]. Therefore, it is very difficult for

the individual inorganic films as the protective film of the Li anode

to protect it. The mixed application of inorganic and organic ma-

terials as the protective film was suggested [18]. In which, organic

materials can efficiently inhibit the PSs in electrolyte to infiltrate

into the protective film, while inorganic materials can improve the

lithium-ionic conductivity and the mechanical strength of the pro-

tective film [10,19–21]. Based on this consideration, Nafion ma-

terials are usually applied [10,18]. It is attributed to that (i) the

Nafion materials exhibit a stable electrochemical performance, (ii)

the Nafion has a high-lithium-affinity feature, and (iii) the Nafion

molecule chain contains the sulfonate group (-SO3
−), which can

prevent PSs from contacting with the Li anode by static electric-

ity [22–26]. As a representative work, our group achieves a stable

Li metal electrode in Li–S batteries by the Nafion-based double-

layer protective film [10]. The outstanding performance indicated

the positive effect of the Nafion-based film for the Li metal anode

protection. Unfortunately, in this work, the side reaction is simply

concerned. It is necessary to understand the side reaction and sup-

press it. Herein, we propose a protective film being consisted of

the TiO2 and Nafion (The detailed experimental section could be

https://doi.org/10.1016/j.cclet.2021.05.065
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Fig. 1. (a) The fabrication process of protected electrodes. Top-view SEM images of

(b) LLNT-0, (c) LLNT-0.05, (d) LLNT-0.10, (e) LLNT-0.20 electrode surfaces.

found in Supporting information.), in which TiO2 could not only

increase the ionic conductivity and the mechanical strength of the

film, but also make the film’s electrical potential more negative

thanks to the synergistic effect of Nafion and TiO2 for inhibiting

the infiltration of PSs to suppress the side reaction [27–29]. In a

word, the composite film can not only alter the interface proper-

ties of the Li metal anode to promote the uniform lithium plat-

ing, but also suppress the side reaction for high-capacity retention

in Li–S batteries. The ionic conductivity and electrical potential of

the protective film are adjusted by changing the content of TiO2

[27,30–33]. The optimized Li-Nafion/TiO2 with 0.10 wt% TiO2 (de-

noted as LNT-0.10) film exhibits a much higher lithium-ion con-

ductivity and a lower negative electrical potential. Therefore, the

symmetric cells, using the Li foil protected by LNT-0.10 (denoted

as LLNT-0.10) as electrodes, exhibit the extended cycle-life in Li2S8
electrolyte for 750h at a current density of 1mA/cm2 with a fixed

capacity of 1 mAh/cm2 and 420h at an ultra-high-capacity den-

sity of 10 mAh/cm2 thanks to the presence of the composite film.

Moreover, the symmetric cell shows a longer cycle-life (175h) than

the pure Li anode (70h) in Li2S8 electrolyte, using the ultra-thin

Li anode protected by LNT-0.10, with the thickness of 50μm. The

Li–S full batteries with a LLNT-0.10 anode also exhibit higher ca-

pacity retention of 777.4 mAh/g and better rate performance of

550.7 mAh/g at 1 C. These results successfully demonstrate the fea-

sibility of the synergistic effect of Nafion and TiO2 to suppress the

side reaction for high capacity retention in Li-S batteries.

The preparation progress of the Li metal protected by Li-

Nafion/TiO2 (LLNT) electrodes is shown in Fig. 1a. Firstly, the Li-

Nafion solution (15 μL) was dripped on a Li foil and dried at room

temperature for 12h. The top-view SEM image of the electrode

shows a smooth and flat surface, as shown in Fig. 1b. After dry-

ing, Li-Nafion/TiO2 (LNT) solutions (35 μL) with different TiO2 con-

tents were dripped on the resulting electrodes and dried at 60 °C
for 12h to form an artificial protective film. The thickness of LNT-

0.10 artificial film is approximate 1.5 μm (Fig. S1 in Supporting in-

formation). The color of the electrodes changes from silvery-white

to off-white. Their top-view scanning electron microscopy (SEM)

Fig. 2. (a) Lithium-ionic conductivity and (b) lithium-ionic nucleation overpotential

of Nafion/TiO2 film with different contents of TiO2. Zeta potentials of (c) different

protective films and (d) UV–vis absorption spectra of different protective films. (e)

Cycling life of symmetric cells with different electrodes in Li2S8 electrolyte at the

current density of 1mA/cm2 and capacity density of 1 mAh/cm2.

images are shown in Figs. 1c–e. From the SEM images in Figs. 1c–

e, many white spots on the surface of LLNTs are observed, indi-

cating the existence of TiO2 nanoparticle clusters due to the addi-

tion of TiO2. As shown in Fig. S2 (Supporting information), the el-

ement mapping images of Nafion/TiO2 film demonstrate that TiO2

nanoparticles are uniformly dispersed in Nafion. To further reveal

the composition of protective films, X-ray diffraction (XRD) analy-

sis was employed. Fig. S3 (Supporting information) shows the XRD

patterns of the steel sheet, Li-Nafion/TiO2 films with different TiO2

contents and the standard card of TiO2 (JCPDS No. 34–180). The

reason for choosing steel sheet is to avoid the appearance of the

corresponding peaks caused by the lithium metal oxidation. In Fig.

S3, XRD peaks at 43.8°, 51.2° are attributed to the pure steel sheet,

and the XRD peak centered at 17.3° originates from the sulfonate

ion chain of Nafion [18]. In addition, the XRD peak at 27.3° is la-

beled to (110) plane of TiO2. Moreover, as shown in Fig. S4 (Sup-

porting information), the characteristic absorption bands of Nafion

centered at 1213, 1147 and 980 cm−1 can be clearly observed in FT-

IR spectra. In addition, the absorption bands centered at 1648 and

1058 cm−1 are attributed to the lithium sulfonate, further confirm-

ing the existence of Nafion [18]. The lithium-ionic conductivity of a

protective film is an important parameter to determine the lifetime

of a lithium anode. It is calculated from Eq. 1 [34]:

σLi+ = L

Rs × S
(1)

The higher lithium-ionic conductivity stands for the bet-

ter ability of the protective film to redistribute the lithium

ions flux for achieving a stable anode [35]. Electrochemical

impedance spectroscopy (EIS) of the protective films are shown

in Fig. S5 (Supporting information), the LLNT-0.10 electrode ex-

hibits the lowest equivalent series impedance compared to the

other electrodes, indicating the highest lithium-ionic conductiv-

ity of the LLNT-0.10 electrode. From Fig. 2a, the pure Li-Nafion

film exhibits the lowest ionic conductivity (4.19×10−5 S/cm),
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while the LNT-0.10 film exhibits the highest ionic conductivity

(36.1×10−5 S/cm), due to the incorporation of the TiO2. However,

when TiO2 content reaches the 0.20 wt%, the ionic conductivity of

the LNT-0.20 film appears to decrease, which could be due to the

reason that the larger size and higher density of TiO2 nanoparti-

cle clusters hinder the lithium ion migration [18]. To further in-

vestigate the effect of the protective films on the lithium-ion nu-

cleation overpotential, Li-Cu batteries were fabricated. The LNT-

0.10 film exhibits the lowest lithium-ion nucleation overpotential

(23mV), indicating that it is favorable for lithium ions to migrate

compared to the other protective films (Fig. 2b). In other words,

the LNT-0.10 film can promote a stable and uniform deposition of

lithium ions. To know the capacity of protective films for inhibit-

ing the side reaction, the zeta potential was performed. The more

negative zeta potential is, the better inhibitory effect on LiPSs does

[10,22–26]. From the Fig. 2c, the absolute zeta potential value grad-

ually increases with the increase of TiO2 content. This is because

that the introduction of TiO2 results in the long chain of sulfonate

ions of Nafion into short chain by the electrostatic interaction, ex-

posing more negative charged sites [28,29]. Among all Li-Nafion-

based protective films, the LNT-0.10 film shows the most negative

zeta potential (−5.46mV), indicating its excellent inhibition effect

on LiPSs. With the addition of TiO2, the absolute value of zeta po-

tential of Nafion/TiO2 first increases because the TiO2 nanoparti-

cles change the shape of the ionic cluster and increases the den-

sity of the negatively charge sites (-SO3
− on the side chains) [18].

However, the TiO2 content is further increased (reaching 0.20 wt%),

and aggregation of TiO2 nanoparticles would occur (Fig. 1e), lead-

ing to that the specific surface area of the corresponding TiO2 be-

comes small and the ability to change the shape of the ionic clus-

ter begins to become weak. To further prove this result and fur-

ther understand the corrosion resistance of different electrodes,

we conducted an electrode corrosion experiment. The pure Li foil,

LLNT-0, LLNT-0.05, LLNT-0.10 and LLNT-0.20 were put into 5mL of

4mmol/L Li2S8 solution, respectively. After Li2S8 fully reacts with

the Li metal anode, we measured the residual concentration of

Li2S8 in the solution by ultraviolet-visible absorption spectrum to

judge the degree of the side reaction. The higher Li2S8 concentra-

tion is remained, the higher corrosion resistance of the electrode

is achieved. As shown in Fig. 2d, among all the solutions, the so-

lution containing LLNT-0.10 possesses the highest concentration of

Li2S8, which is close to the original Li2S8 solution, further confirm-

ing the suitable TiO2 content plays an important role in inhibiting

the occurrence of the side reaction.

The mechanical properties of the protective films are also an

important parameter. The mechanical properties of the protective

films were studied by atomic force microscopy (AFM). As shown in

Figs. S6 and S7 (Supporting information), the mechanical strength

of LNT-0.10 film (3.28GPa) is much higher than that of LNT-0 film

(1.44GPa), suggesting that the incorporation of TiO2 makes the

protective film become tougher to adapt to the changes of the Li

anode volume.

Subsequently, Li, LLNT-0, LLNT-0.05, LLNT-0.10 and LLNT-0.20

symmetric cells were assembled with Li2S8 electrolyte to testify

the repellent effect of the protective films on LiPSs in the elec-

trolyte. As shown in Fig. 2e, the pure Li electrode exhibits the

initial polarization of 100mV and the cycle life of 140h at the

current density of 1mA/cm2 and the capacity of 1 mAh/cm2. Ap-

parently, as shown in Fig. S8 (Supporting information), the polar-

ization increases suddenly to 210mV when the battery cycles for

180h. Such a phenomenon could be caused by the severe corrosion

of Li2S8 in electrolyte (Figs. S10a and b in Supporting information)

[10]. Excitingly, as shown in Fig. 2e, LLNT-0.10 exhibits the low-

est initial polarization of 70mV and the longest cycle-life (750h).

The polarization of LLNT-0.10 remains unchanged at about 70mV

when the battery cycles for around 670h (Fig. S9 in Supporting in-

Fig. 3. (a) Voltage-time curves of Li, LLNT-0 and LLNT-0.10 symmetric cells at a cur-

rent density of 5mA/cm2 and capacity density of 5 mAh/cm2 in Li2S8 electrolyte.

EIS of Li, LLNT-0 and LLNT-0.10 symmetric cells (b) before cycling and (c) after cy-

cling.

formation). It could be attributed to the side reaction to be well

suppressed (Figs. S10c and d in Supporting information). Although

LLNT-0, LLNT-0.05, LLNT-0.20 also show an extended cycle-life, the

batteries still fail at only 250h, 330h and 300h, respectively. The

failure of these batteries is mainly due to the insufficient suppres-

sion of the side reaction.

In order to further understand the effect of the protective films

on the Li anode, the batteries were disassembled after 15 cycles

at a current density of 1mA/cm2 and a capacity of 1 mAh/cm2.

From the top-view SEM images in Figs. S10a and b, a rough and

looser structure with some holes and cracks is observed on the

surface of the pure Li anode, which could be caused by seriously

corrosive effect of Li2S8. In contrast, as shown in Figs. S10c and

d, a smoother and compact structure is observed on the surface

of the LLNT-0.10 anode, indicating that the Li electrode corrosion

is well suppressed. The Li striping morphologies on Li and LLNT-

0.10 electrodes were also detected to account for the stability of

anodes. Figs. S11a and b (Supporting information) show the pure

Li anode surface with some holes and cracks, demonstrating un-

even Li ion extraction and serious electrode corrosion. Differently,

a smooth and flat striping surface is detected on the LLNT-0.10

anode, which proves the integrity and excellent protection effect

of the film to the Li anode (Figs. S11c and d in Supporting in-

formation). In the corresponding optical image, we observe the

surface of LLNT-0.10 remains unchanged as cycling before. How-

ever, the surface of the pure Li anode has turned from metal-

lic bright white to black, which could be caused by the corro-

sion of Li2S8 in electrolyte. Fig. S12 (Supporting information) shows

the Li deposited morphologies on the surface of the pure Li and

LLNT-0.10 electrodes at a current density of 5mA/cm2 and capacity

5 mAh/cm2. The surface of the LLNT-0.10 electrode (Figs. S12c and

d) is flatter than the pure Li electrode (Figs. S12a and b), which can

further confirm the excellent protective effect of the Nafion/TiO2

film.

In addition, the charge-discharge curves of voltage-time were

performed at a high current density and high-capacity of 5mA/cm2

and 5 mAh/cm2. In Fig. 3a, the LLNT-0.10 anode exhibits a much

longer cycle life (100h) than the pure Li anode (20h) and LLNT-0

anode (50h). The extended cycle-life could be mainly attributed

to the suppression of the electrode corrosion. The EIS measure-

ments were also made. In Fig. 3b, the pure Li anode exhibits the

lowest impedance (48 �) for the transportation of Li ions through
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SEI (RSEI) before cycling. However, LLNT-0.10 (120 �) and LLNT-0

(183 �) exhibits a much higher RSEI than the pure Li anode, which

is due to the presence of protective films to hinder the lithium-ion

transmission [10,18]. Unfortunately, the RSEI of the pure Li anode

increases to 126 � after 5 cycles at high current density, while the

RSEI of LLNT-0.10 rapidly decreases to 14 � (Fig. 3c) due to infiltra-

tion of electrolyte into the protective film during cycling and the

excellent protection of the Li anode [10]. Moreover, the electrode

thickness and volume expansion rate were calculated to compare

the stability of anodes by the cross-sectional SEM images (theoret-

ically, 1 mAh/cm2 for Li corresponds to 4.85 μm). In Fig. S13 (Sup-

porting information), after plating the capacity of 5 mAh/cm2 on

different electrodes, the pure Li anode exhibits a looser structure

with the thickness of 51.7 μm and suffers a much larger volume ex-

pansion rate of 113%, while the LLNT-0.10 exhibits a compact struc-

ture with the thickness of 33.2 μm and a lower volume expansion

rate of 36% (Fig. S14 in Supporting information). This is because

the composite film could not only prevent the corrosion from PSs,

but also promote the lithium-ion flow to plate evenly. Moreover,

the stable performance of the LLNT-0.10 symmetric cell with ultra-

high-capacity of 10 mAh/cm2 can be up to 420h (Fig. S15 in Sup-

porting information). These results have successfully proved the

outstanding protective effect of the composite film. In order to ex-

plore whether the protective film can achieve a stable anode cycle

for an ultra-thin Li foil with a thickness of 50μm, the symmetric

cells were assembled, using Li2S8 electrolyte. In Fig. S16 (Support-

ing information), the LLNT-0.10 still shows an extended cycle life

(175h) compared to the pure Li electrode (around 70h). These re-

sults illustrate that the protective film is also feasible under the

ultra-thin lithium foil batteries.

The specific Li–S batteries were assembled for testing the shut-

tle current, using C/S as cathodes with the average sulfur loading

of 1.3mg/cm2, pure Li and LLNT-0.10 as anodes and 40μm ether-

based electrolyte without LiNO3 as electrolyte. In Fig. S17 (Sup-

porting information), the battery with LLNT-0.10 anode shows the

much lower shuttle current compared to the battery with the pure

Li anode, demonstrating the side reaction is well suppressed by

the LNT-0.10 film. Moreover, Li–S full batteries were assembled

using standard ether-based Li–S electrolyte, C/S as cathodes and

Li, LLNT-0, 0.10 as anodes. In Fig. 4a, CV curves exhibit the al-

most identical redox peaks, implying the presence of protective

films did not affect the kinetics of redox reaction [10]. In addition,

galvanostatic charge-discharge (GCD) profiles were also performed

at the current density of 0.1 C with average sulfur loading of

1.3mg/cm2. In Fig. 4b, the battery with the pure Li anode exhibits

the initial capacity of 1021.6 mAh/g and decays to 780.9 mAh/g

after 10 cycles at 0.1 C. In sharp contrast, the battery with LLNT-

0.10 anode exhibits a similar initial capacity of 1037.3 mAh/g,

but it can still remain a high capacity of 957.1 mAh/g after 10 cy-

cles at 0.1 C. The Li-S battery with LLNT-0 anode exhibits the initial

capacity of 1014.6 mAh/g and a capacity retention of 800.7 mAh/g.

The higher capacity retention of LLNT-0.10 could be attributed to

the excellent suppression of the side reaction. Fig. 4c shows their

cycling performances at 0.1 C. The capacity of the battery with

LLNT-0.10 anode decreases from 1037.3 mAh/g to 777.4 mAh/g with

a capacity retention rate of 74.9% after 100 cycles. The batteries

with the pure Li anode and LLNT-0 anode exhibit the capacity re-

tention of 557.4 and 593.2 mAh/g with capacity retention rate of

54.5 and 58.4% after 100 cycles. The rate performances are shown

in Fig. 4d. The battery with the LLNT-0.10 exhibits a much higher

discharge capacity retention of 550.7 mAh/g at the current density

of 1 C compared to the pure Li anode (212.7 mAh/g) and LLNT-

0 anode (214.5 mAh/g). In addition, when the current density is

decreased from 1 C to 0.1 C, the LLNT-0.10 anode still maintains

the higher discharge capacity of 926.3 mAh/g than the pure Li an-

ode (754.3 mAh/g) and LLNT-0 anode (791.1 mAh/g), indicating the

Fig. 4. (a) CV curves in the voltage range of 1.5V-3V. (b) 1st and 10th GCD curves

at 0.1 C. (c) Cycle performances at 0.1 C for 100 cycles. (d) Rate performance at

different rates. (e) Cycle performances at 0.5 C for 300 cycles for Li–S batteries with

Li, LLNT-0 and LLNT-0.10 as anodes in standard Li–S electrolyte.

side reaction is well suppressed by the synergistic effect of the Li-

Nafion and TiO2 in the LNT-0.10 film. Moreover, the cycle perfor-

mances for 300 cycles at 0.5 C are shown in Fig. 4e, the batteries

with the pure Li anode, LLNT-0 anode and LLNT-0.10 anode exhibit

the similar initial capacity of 743.2 mAh/g, 820 mAh/g and 789.1

mAh/g. However, LLNT-0.10 anode maintains the higher capacity

and capacity retention rate of 466.1 mAh/g and 59.07% compared

to the pure Li anode (211 mAh/g and 28.39%) and LLNT-0 anode

(330.4 mAh/g and 40.29%).

In summary, the Li-Nafion/TiO2 composite films were fabricated

and showed high lithium ionic conductivity, high mechanical prop-

erties and negative zeta potential. The LNT-0.10 is an optimized

protective film in our experiment. The LLNT-0.10 symmetric cell

achieves an extended cycle-life of 750h and the Li–S full battery

with the LLNT-0.10 as an anode delivers a high-capacity retention

rate of 74.9% and the better rate performance of 550.7 mAh/g at

1 C. The improvement of the electrochemical performance could

be attributed to the result that the side reaction is completely sup-

pressed. Our work provides alternative insights into exploring the

inhibitory effect of the artificial protective film on the side reac-

tion.
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