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1. Introduction1)

As energy consumption increases, the demand of high 

capacity, high energy density energy storage devices 

has also been increasing[1-3]. Accordingly, researches 

on rechargeable secondary batteries are performed a lot. 

Lithium ion batteries have been most widely commer-

cialized due to their high voltage, low self discharge, 

stable cycling and wide operating temperature range[4-6]. 

However, lithium ion batteries are expensive and have 

the disadvantage of low energy density[7-10]. In order 

to solve the problem of lithium ion batteries, researches 
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요   약: 리튬 덴드라이트의 효과적인 억제를 위해 유/무기 복합체를 리튬메탈 전극의 보호층으로 사용하였다. 유기물로는
PVDF-HFP가 사용되었으며 무기물로는 TiO2가 사용되었다. 유기물로 사용된 PVDF-HFP는 높은 유연성을 가지는 고분자로서
무기물의 matrix 역할을 하며, 무기물로 사용된 TiO2 나노입자는 보호막의 기계적 강도와 이온전도성을 향상시켜주는 역할을
하였다. 합성된 보호막은 SEM, AFM, XRD를 통하여 PVDF-HFP matrix에 TiO2가 잘 분산되어 있는 형태인 것을 확인할 수 있
었다. 또한 전기화학적 분석 결과, 향상된 기계적 물성과 이온전도성으로 인해 polymer-inorganic composite은 비교 샘플(untreated
와 PVDF-HFP 보호층) 대비 100번째 사이클까지 80%의 높은 쿨롱 효율 및 20 mV 미만의 낮은 과전압을 나타내었다.

Abstract: Polymer/inorganic composites were used as a protective layer of lihitum metal electrode for effective suppression
of lithium dendrite. PVDF-HFP was used as an polymer material and TiO2 nanoparticle was used as an inorganic material. 
PVDF-HFP is a highly flexible polymer that acts as a matrix of inorganic materials while TiO2 nanoparticle improves the 
mechanical strength and ion conductivity of the protective layer. The as-synthesized protective hybrid membrane exhibited good 
dispersion of TiO2 in the PVDF-HFP matrix by SEM, AFM and XRD analyses. Furthermore, the electrochemical analysis 
showed that the polymer-inorganic composite retained high coulombic efficiency of 80% and low overpotential, less than 20 
mV until the 100th cycles due to the improved mechanical properties and ion conductivity in comparison to the control 
sample (untreated and PVDF-HFP polymers/Cu).
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on lithium metal batteries have been actively conducted, 

which use lithium metal (3,860 mAh/g) as an anode 

material instead of graphite anode because graphite 

based anode has a low theoretical capacity (372 mAh/g) 

[11,12]. Lithium metal electrode forms a solid electro-

lyte interface (SEI) layer on the surface of the lithium 

metal by an interfacial reaction between lithium metal 

and electrolyte during charging/discharging reaction. At 

this time, a non-uniformly SEI layer is formed and ex-

hibits relatively low resistance or defective parts. Also, 

lithium dendrite is formed by intensive lithium redox 

reactions in which lithium grows vertically, and the 

lithium dendrite generates dead lithium after repeated 

cycles, which shortens the life span of the battery. In 

addition, lithium dendrite can growth through the sepa-

rator and cause internal short circuits, which can also 

affect safety issues such as battery explosion[13].

There are two ways to suppress the growth of lith-

ium dendrite. Firstly, uniform deposition of lithium is 

available using lithiophilic materials before lithium 

dendrite growth at the nucleation step. Secondly, it is 

required to design a protective layer that can mechan-

ically suppress lithium dendrite on the lithium electrode. 

The protective layer is mainly composed of polymers. 

Among them, PVDF-HFP has been studied as a gel-type 

polymer electrolyte due to its high flexibility, chemical 

and physical stability, good compatibility with electro-

des and ion conductivity. In addition, inorganic TiO2 

can not only increase the ion conductivity of the poly-

mer matrix through Lewis acid-base interaction with 

the polymer or lithium salt anion, but also improve the 

mechanical properties of the protective layer thanks to 

the high mechanical strength of the inorganic material 

[14-16].

In this study, a composite of PVDF-HFP and TiO2 

(PVDF-HFP@TiO2 membrane) was designed as a pro-

tective layer of lithium metal for effective suppression 

of lithium dendrite. The designed protective layer was 

found to effectively inhibit lithium dendrite by improved 

ion conductivity and mechanical properties. 

2. Experimental

2.1. Materials and reagents

Interfacial synthesis was applied to synthesize na- 

no-sized TiO2 particles. Titanium isopropoxide (TTIP, 

Sigma-Aldrich, 97%) was used as a precursor. Oleic 

acid (Daejung, Extra pure), tert-butylamine (Duksan, 

Extra pure), toluene (Samchun, 99.5%) were used as 

the solvent to be used in the interfacial synthesis 

method. Polyvinlyidene fluoride-co-hexafluoropropylene, 

(PDVF-HFP, Sigma-Aldrich) was used as a polymer, 

and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) was 

used as solvent to dissolve polymer and nanoparticle 

precursors.

2.2. Material syntheses

2.2.1. Synthesis of precursor

In a typical synthesis, 0.1 mL of tert-butylamine was 

dissolved in 10 mL of water and the solution was trans-

ferred to a 50 mL Telfon-lined stainless-steel autoclave. 

Subsequently, 3 g of titanium isopropoxide and 10 g 

of oleic acid were dissolved in 60 mL of toluene and 

the solution was transferred to the autoclave. The auto-

clave was maintained at 180°C for 8 h and cooled to 

room temperature. The solution of TiO2 was precipitated 

using methanol and centrifugation. The synthesized 

TiO2 particles and PVDF-HFP were put in NMP and 

the dispersion was well performed. TiO2 content was 

varied (0~5 wt%) before mixing it with PVDF-HFP 

coating precursor.

2.2.2. Deposition of hybrid film

As-prepared coating precursors were deposited on Cu 

substrate with a blade coater at 30 µm and dried for 4 

h at 50°C in an oven. Subsequently, an electrochemical 

Li|Cu half-cell was fabricated using PVDF-HFP/TiO2 

hybrid membrane on Cu substrate in a glove box. Then, 

lithium layer was formed between Cu and PVDF-HFP/ 

TiO2 hybrid membrane via electrochemical deposition 

method.
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2.3. Material characterizations

To confirm that the design proceeded as intended, 

we analyzed the presence of TiO2 in the polymer and 

analyzed the electrochemical properties of the designed 

hybrid membrane. The morphology and elemental dis-

tribution of the surface of PVDF-HFP/TiO2 hybrid 

membrane was observed by scanning electron micro-

scope (SEM) and energy dispersive X-ray spectroscopy 

(EDS) to identify the elements in TiO2 and PVDF-HFP. 

Atomic force microscope (AFM) was performed to ob-

serve the surface morphology of PVDF-HFP/TiO2 hy-

brid membrane.

2.4. Electrochemical characterizations

For electrochemical characterization, CR-2032-Type 

coin half cell was fabricated using lithium as a counter 

electrode and PVDF-HFP/TiO2 hybrid membrane coat-

ed Cu electrode as a working electrode. Electrolyte 

contained 1 M of LiTFSI in 1,3-dioxolane (DOL)/ 

1,2-dimethoxyethane (DME) (1 : 1 = v : v). Coin cells 

were fabricated in a glove box filled with argon. Cou- 

lombic efficiency, voltage profiles, and voltage-time 

curves were measured by battery tester. Initial cycles 

were plated to a capacity of 3 mAh/cm2 with a current 

density of 0.1 mA/cm2 for uniform deposition of lith-

ium and stripped of lithium to 1.2 V. Electrochemical 

impedance spectroscopy (EIS) was measured in the fre-

quency range from 100 kHz to 0.1 Hz using a poten- 

tiostat.

3. Results and Discussion

3.1. Design of PVDF-HFP@TiO2 hybrid mem- 

brane

Scheme 1 shows the fabrication process of the 

PVDF-HFP@TiO2 hybrid membrane, the structure of 

protective layer and the lithium deposition characte- 

ristics. In the preparation of the coating solution, 

PVDF-HFP is first dissolved in NMP, and then TiO2 

nanoparticles obtained by solvothermal synthesis are 

added to the prepared solution with different mass 

compositions [Scheme 1(a)]. After sufficiently stirring 

the PVDF-HFP and TiO2 nanoparticles to be evenly 

mixed, coating on the Cu current collector is per-

formed by blade coating technic. The coated film has a 

structure in which TiO2 nanoparticles are well dispersed 

in PVDF-HFP polymer matrix [Scheme 1(b)]. Coin cell 

is manufactured using the coated Cu electrode. Lithium 

is deposited on the coated Cu electrode by using elec-

trical deposition [Scheme 1(c)]. In the case of untreated 

sample (bare Cu), lithium dendrite will be formed and 

penetrates through the SEI layer on the electrode. 

However, the PVDF-HFP@TiO2 hybrid layer could in-

duce uniform deposition without the growth of lithium 

dendrite due to its improved mechanical properties and 

ion conductivity [Scheme 1(d)][17].

3.2. Material characterization of PVDF-HFP@ 

TiO2 hybrid membrane 

Fig. 1(a) indicates the cross-section image of PVDF-HFP- 

Scheme 1. (a) Preparation of coating solution. (b) Structure of PVDF-HFP@TiO2 hybrid membrane. (c) Lithium deposition 
on coated Cu electrode. (d) Uniformly deposited Li metal electrode between PVDF-HFP@TiO2 hybrid membrane and Cu 
electrode.
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Fig. 1. SEM images of PVDF-HFP@TiO2 hybrid mem-
brane (a) cross section, (b) top view. (c) Elemental map-
ping of PVDF-HFP@TiO2 hybrid [C (green), F (purple), 
O (white), Ti (cyan)].

@TiO2 hybrid membrane (TiO2: 5 wt%) coated on a 

Cu electrode. The thickness of the membran represents 

27 µm by SEM image [Fig. 1(a)]. Slight decrease of 

the film thickness occurred due to the evaporation of 

NMP solvent during drying process. Fig. 1(b) shows a 

top view of the PVDF-HFP@TiO2 hybrid membrane. 

In the SEM image, TiO2 nanoparticles are observed as 

white dots, which exhibits well dispersion of TiO2 

nanoparticles on the PVDF-HFP matrix. For more de-

tailed analysis, the elemental mapping analysis was 

performed. As shown in Fig. 1(c), carbon and fluorine 

atoms from PVDF-HFP and small amounts of titanium 

and oxygen atoms from TiO2 nanoparticles are observed. 

It indicates uniform distribution of TiO2 nanoparticles 

and PVDF-HFP throughout hybrid layer.

Atomic force microscope (AFM) analysis was 

performed for in-detailed surface observation of the 

PVDF-HFP@TiO2 hybrid membrane. Fig. 2(a) shows the 

morphology of PVDF-HFP@TiO2 hybrid membrane.

Fig. 2. AFM images of PVDF-HFP@TiO2 hybrid mem-
brane (a) plane view (b) three dimensionally reconstructed
image.

Fig. 3. XRD patterns of PVDF-HFP@TiO2 hybrid mem- 
brane.

Empty spaces were generated by the evaporation of 

NMP, and it can be confirmed that the film coating was 

formed uniformly except for a few empty spaces. Fig. 

2(b) shows the surface roughness of the PVDF-HFP- 

@TiO2 hybrid membrane. Most of the coated films ex-

hibit surface roughness below 100 nm, which refers 

this degree of surface roughness is negligible. From 

this data, it is confirmed that the PVDF-HFP@TiO2 

hybrid membrane is formed uniform surface. It can al-

so referred that a few nanometers of TiO2 nanoparticles 

would not have a significant effect on film surface 

roughness.

Fig. 3 indicates the X-ray diffraction (XRD) pat-

terns of the PVDF-HFP@TiO2 hybrid membrane. 

PVDF-HFP is known as a polymer having both amor-

phous and crystalline properties. The diffraction peaks 

of PVDF-HFP indicate (100) and (020) planes, and 
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peaks of TiO2 anatase represent (101), (004), (200), 

(105), and (204) planes. From these results, the film 

prepared in this study is considered an polymer-inorganic 

composite of PVDF-HFP and TiO2, it is expected that 

the lithium dendrite can be effectively suppressed and 

the improved lithium ion transport can be achieved by 

the addition of TiO2[18,19].

3.3. Electrochemical analysis

Fig. 4(a) exhibits the coulombic efficiency of 

PVDF-HFP@TiO2-5 (TiO2: 5 wt%), PVDF@TiO2-1 

(TiO2: 1 wt%), PVDF-HFP (TiO2: 0 wt%), and un-

treated sample (bare Cu). Untreated sample shows sta-

ble coulombic efficiency until the 55th cycles, but it 

shows unstable coulombic efficiency in subsequent 

cycles. PVDF-HFP electrode retains stable coulombic 

efficiency until 20th cycles. Compared to the untreated 

sample and the PVDF-HFP, hybrid membrane indicated 

relatively stable coulombic efficiency. PVDF-HFP@- 

TiO2-1 and PVDF-HFP@TiO2-5 shows stable coulombic 

efficiency up to 70th cycles and up to 100th cycle, 

respectively. Fig. 4(b) represents the voltage profiles of 

each samples in the first cycle. At the first cycle, lith-

ium deposition/stripping voltage does not show sig-

nificantly differences among PVDF-HFP@TiO2-5, un-

treated sample, PVDF-HFP, and PVDF-HFP@TiO2-1, 

except for a small difference of less than 2 mV. Fig. 

4(c) represents the voltage profiles of the last cycle. As 

a result, PVDF-HFP@TiO2-5 indicates low overpotential 

less than 20 mV, and PVDF-HFP@TiO2-1 shows over-

potential of 85 mV. Untreated sample and PVDF-HFP 

show very high overpotential of 200 and 500 mV, 

respectively. The detailed comparison of electrochemical 

performances between untreated sample and PVDF-HFP- 

@TiO2-5 was shown in Fig. 5.

Fig. 5(a) represents the voltage-time curves of 

PVDF-HFP@TiO2-5 and untreated sample, respectively. 

As the battery tests proceed, higher overpotential is ob-

served in untreated sample while PVDF-HFP@TiO2-5 

shows stable overpotential from initial to later cycles. 

For a more detailed comparison, voltage-time curves of 

PVDF-HFP@TiO2-5 and untreated sample at the initial 

and later cycles are shown in Fig. 5(b) and Fig. 5(c). 

Both samples indicate low overpotential at the initial 

Fig. 4. Comparative electrochemical performance for Li|Cu half cell using protective layers (PVDF-HFP@TiO2, TiO2: 0~5 
wt%.) on Li metal electrode (a) coulombic efficiencies at current density at 1 mA/cm2; Voltage profiles of Li|Cu half cells 
measure at (b) first cycle, (c) 100th cycle.
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cycle. However, in later cycles, PVDF-HFP@TiO2-5 

retains the initial overpotential well, while untreated 

sample exhibits much higher overpotential due to the 

growth of lithium dendirte, irreversibility of SEI layer 

and dead lithium. Fig. 5(d) shows the EIS spectra of 

PVDF-HFP@TiO2-5 and untreated sample before cycle. 

The semicircles in the EIS spectra represent charge 

transfer (Rct). The Rct value of PVDF-HFP@TiO2-5 is 

smaller than untreated sample. This result is explained 

because of improved ion conductivity of PVDF-HFP- 

@TiO2 hybrid membrane and the good compatibility 

with electrode and electrolyte. As a result, the 

PVDF-HFP@TiO2-5 hybrid layer can effectively sup-

press the dendrite by its high mechanical strength, im-

proved ion conductivity, and the compatibility of hy-

brid layer-electrode, hybrid layer-electrolyte[20,21].

4. Conclusion

In this study, the polymer-inorganic hybrid layer was 

designed as a protective layer for effective suppression 

of lithium dendrite on the electrode. PVDF-HFP was 

used as an polymer material and TiO2 was used as an 

inorganic material. PVDF-HFP is a highly flexible pol-

ymer material that acts as the matrix of inorganic 

materials. TiO2 used as an inorganic material which 

improves the mechanical strength and ion conductivity 

of the protective layer. From characterizations, it is 

found that the designed protective layer have the struc-

ture in which TiO2 nanoparticles were evenly dispersed 

in the PVDF-HFP matrix. As a result of electrochemical 

analysis, untreated sample maintained stable coulombic 

efficiency until the 55th cycles, while PVDF-HFP@TiO2 

hybrid membrane showed high coulombic efficiency, 

80% until the 100th cycles. Furthermore, from the volt-

age profiles and voltage-time curves, untreated sample 

represented the high overpotential of 200 mV in the 

last cycle, but PVDF-HFP@TiO2 hybrid membrane 

maintained a low overpotential, less than 20 mV. These 

results indicate that lithium dendrite was effectively 

suppressed due to the high flexibility of PVDF-HFP 

matrix, the enhancement of ion conductivity and me-

chanical strength by addition of TiO2.

Fig. 5. (a) Voltage-time curves of PVDF-HFP@TiO2-5/Cu and untreated sample at current density of 1 mA/cm2. Enlargement 
of voltage-time curves at the (b) initial cycle and (c) 100th cycle. (d) EIS spectra of PVDF-HFP@TiO2-5/ Cu and untreated 
sample before cycle.
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