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ABSTRACT: A simple layer-by-layer (LbL) self-assembly process of poly(acrylic acid) (PAA) and ZrO2 was applied to
construct functional ultrathin multilayers on polyethylene (PE) separators without sacrificing the excellent porous structure of
separators. Such PAA/ZrO2 LbL-modified PE separators possess good electrolyte wettability, excellent electrolyte uptake, high
ionic conductivity and large Li+ transference number. More importantly, the top layer of LbL self-assembly would affect the
dissociation of electrolyte and the formation of solid electrolyte interphase (SEI) layer in half-cells. Compared with the pristine
and (PAA/ZrO2)1PAA-modified PE separators, (PAA/ZrO2)3-modified PE separator shows a larger Li+ transference number
(0.6) and a faster tendency to form a stable SEI layer, endowing half-cells with excellent capacity retention at high C-rates and
superior cycling performance. These fascinating characteristics will provide the LbL self-assembly with a promising method to
improve the surface property of PE separators for high performance lithium-ion batteries.
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1. INTRODUCTION

In recent years, there has been a strong demand for lithium-ion
batteries (LIBs) with excellent energy density and cycle life due
to the strong growth in portable electronics, hybrid electric
vehicles, and utility grids.1−3 This requires the properties of all
cell components (i.e., electrode materials, separators, and
electrolytes) to be further improved. The essential function of a
separator is to keep the positive and negative electrodes apart
to prevent electrical short circuits in batteries and at the same
time allow rapid Li+ ion transport. So, it plays a vital role in
LIBs due to its close connection with the electrochemical
performance and safety of cells, and becomes a big concern for
large-scale applications of LIBs.4,5 Currently, the most widely
used separators in LIBs are made of polyolefin materials, such
as polyethylene (PE) and polypropylene (PP) due to their
acceptable cost, proper pore structure, good mechanical
strength, and favorable thermal shutdown property. However,

the major disadvantages of these polyolefin separators lie in
their intrinsically hydrophobic surface character, which results
in poor wettability and retention to polar liquid electrolyte. As a
result, the migration of Li+ ions through polyolefin separators is
impaired, which adversely affects the electrochemical energy
efficiency of the batteries. Moreover, the thermal stability of
polyolefin separators also needs to be further enhanced to
provide a greater margin of safety for LIBs during overcharge or
abnormal heating conditions.
To overcome these drawbacks of commercial polyolefin

separators, various surface modification approaches have been
tried, such as plasma treatment, graft polymerization, dip-
coating and impregnation of a gel polymer electrolyte.6−10
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Among them, the dip-coating of some organic polymers or
inorganic oxides with excellent thermal stability and good
hydrophilicity on the surface of separators has been extensively
studied to improve the thermal stability and electrolyte uptake
of separators.9,11−17 However, dip-coating method also
generates inevitable negative effects, such as the significantly
increased thickness,14 seriously blocked porous structure12 and
unmodified inner pores of separators. The thicker separators
take up more space and decrease the volume of active materials
that can be placed inside the battery, and the blocked pores
hinder the transport of Li+ ions, which is unfavorable for the
cell electrochemical performance.4,5 So it is anticipated to find
new modification methods that can optimize the wettability and
electrochemical performance of polyethylene separator without
sacrificing its excellent microporous structure.
Layer-by-layer (LbL) self-assembly via alternate adsorption

of various functional building blocks driven by specific
intermolecular interactions has been developed to fabricate
supramolecular hybrid multilayers with tunable architecture and
properties.18 This method is simple and versatile and allows the
integration of various functional structures for a specific
application. Especially, it offers the ability to exert molecular-
level control over the composition, surface characteristics and
thickness of the assembled multilayer. Inspired by the inherent
advantages of LbL self-assembly, we attempted to modify
polyethylene (PE) separators with organic−inorganic hybrid
supramolecular multilayers deposited by LbL self-assembly.
Furthermore, the effects of supramolecular multilayers on the
crucial physical and electrochemical properties of PE separator
and the performance of lithium-ion half-cells (LiCoO2 /Li
metal) were investigated and discussed in detail.

2. EXPERIMENTAL SECTION
2.1. Materials. A commercial polyethylene (PE) separator

(thickness, 14 μm; porosity, 52%) was purchased from SK Energy
Company (Seoul, Korea). Poly(acrylic acid) (PAA, Mw = 1800 g
mol−1), branched-poly(ethylenimine) (PEI, Mw = 25000 g mol−1), 2-
morpholinoethanesulfonic acid (MES), 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodimide (EDC) and N-hydroxysulfosuccinimide sodium
salt (NHS) were purchased from Sigma-Aldrich. All these chemicals
were used as received without further purification. Colloidal ZrO2
nanoparticles were prepared according to our previous work.19

Lithium metal foil was obtained from China Energy Lithium Company

(Tianjin, China). The liquid electrolyte containing LiPF6 (1 mol L−1)
in a mixture of ethylene carbonate (EC)/ethyl methyl carbonate
(EMC)/dimethyl carbonate (DMC) (1:1:1, by volume) was
purchased from Guotai Huarong Company (Zhangjiagang, China).

2.2. Preparation of PAA/ZrO2 LbL-Modified PE Separators.
The preparation process of PAA/ZrO2 LbL-modified PE separators is
illustrated in Scheme 1. First, PE separators were treated with CO2-
plasma (power, 80 W; time, 60 s) to generate a carboxylic surface
capable of undergoing charge or hydrogen bond interactions.20,21

Then the resulting PE separators were immersed in a PEI solution (1
mg mL−1) for 20 min followed by rinse to obtain a PEI primer layer.
Subsequently, the PEI-primed PE separators were alternatively dipped
into a PAA solution (0.03 mg mL−1) and a ZrO2 colloid (1 mg mL−1)
with desired cycle number to allow the alternative adsorption of PAA
and ZrO2. The dipping time in the PAA solution or ZrO2 colloid was
10 min, and each dipping step was followed by the rinse process. The
pH values of PAA solution and ZrO2 colloid were adjusted to 3.5 with
HCl (1 mol L−1) aqueous solution. All deposition and rinse solutions
used for the buildup of PAA/ZrO2 multilayers were a mixture of water
and methanol (3:7 v/v). Here, the PAA/ZrO2 multilayers with a
desired cycle number n is noted as (PAA/ZrO2)n or (PAA/
ZrO2)nPAA, which means the top layer of modification is ZrO2 or
PAA, respectively.

The sequential deposition of PEI and PAA is driven by the
electrostatic force, and the alternative deposition of PAA/ZrO2 is
driven by coordination chemistry interactions between −COOH and
ZrO2. A follow-up step after self-assembly is to immerse the PAA/
ZrO2 LbL-modified PE separators into a solution of EDC (0.1 mol
L−1) and NHS (0.1 mol L−1) in MES buffer [0.05 mol L−1, pH 5.5,
water/methanol (3:7 v/v) as solvent] for 12 h to undergo the cross-
linking of PEI/separator and PAA/PEI interlayers through the
imidization between carboxyl and amino groups.20

2.3. Characterization of PAA/ZrO2 LbL-Modified PE Separa-
tors. A quartz crystal microbalance (QCM) device (Agilent, 53131A)
with a frequency counter was used to determine the deposited mass
after each adsorption step. The Ag-coated QCM resonators were
cleaned by sequential dipping into acetone (30 min), alcohol (30
min), and water (30 min), and then dried with nitrogen. Scanning
electron microscopy (SEM) combined with energy dispersive X-ray
spectroscopy (EDS) (JEOL, 6700F) was used to examine the surface
and cross-sectional porous structure of separators as well as the
elemental distribution. The air permeability of separators was
examined with a Gurley densometer (UEC, 1012A) by measuring
the time for 100 cc of air to pass through under a given pressure.
Water contact angle measurement was performed using a drop shape
analyzer (KRUSS, DSA100). The electrolyte uptake was obtained by

Scheme 1. (a) Cross-Sectional Diagram of Pristine and PAA/ZrO2 LbL-Modified PE Separators and (b) Layer-by-Layer Self-
Assembly Process for the Construction of PAA/ZrO2 Multilayers on PE Separator
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measuring the weight of separators before and after soaking in liquid
electrolyte for 1 h and then calculated using the following equation:

=
−

×
W W

W
uptake (%)

( )
100t 0

0 (1)

where W0 and Wt represent the weight of separators before and after
soaking in the liquid electrolyte, respectively. The thermal shrinkage of
separators was determined by measuring the dimensional change of
them after the thermal treatment at different temperatures for 0.5 h.
2.4. Electrochemical Analysis. The ionic conductivity was

measured by AC impedance spectra using an electrochemical working
station (Chenhua, CHI660E) in the frequency range of 10 mHz to 1
MHz at 25 °C. The liquid electrolyte-saturated separators were
sandwiched between two stainless steel (SS) electrodes (diameter, 1.7
cm) and assembled into a blocking-type cell. The ionic conductivity
was calculated according to the equation

σ = − −R S db
1 1 (2)

where σ represents ionic conductivity, Rb is the bulk resistance, S is the
geometric area of stainless steel electrodes, and d is the thickness of
separators.
The Li+ transference number was determined by the combination of

chronoamperometry and AC impedance analysis of Li/separator/Li
cells. The chronoamperometry profile was monitored at a constant
potential (10 mV) for 1000 s and the AC impedance spectra were
measured before and after polarization. The Li+ transference number
was calculated by the following equation:
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where I0 and Is are the initial and steady-state current determined by
the chronoamperometry; ΔV is the potential difference (10 mV); R0
and Rs are the interfacial resistance before and after polarization
measured by AC impedance spectra.
The electrochemical stability window of separators was evaluated by

the linear sweep voltammetry (LSV) test performed on SS/separator/
Li cells at a scan rate of 5 mV/s between 0 and 6 V (vs Li+/Li). The
stainless steel was used as the working electrode, and Li metal foil was
used as the counter and reference electrodes.
The interfacial resistance (Rint) between separators and Li metal

electrodes was measured by monitoring the AC impedance response
of Li/separator/Li cells over storage up to 8 days. The measurements
were carried out over the frequency range of 10 mHz to 1 MHz at 25
°C.
Charge−discharge cycle tests of LiCoO2/separator/Li half-cells

were performed at indicated current densities in the voltage range of
3.0 to 4.2 V using a LANHE Battery Testing System (Wuhan Land,
CT2001A). The LiCoO2 electrodes were prepared by mixing the
LiCoO2 powder (80 wt %), carbon black (10 wt %), and PVDF (10 wt
%) in N-methylpyrrolidone (NMP) solvent. The mixed slurry was
coated on aluminum foil and dried at 120 °C for 24 h. The electrode
disks (0.7854 cm2) were then punched out of the coated aluminum
foils and weighted. LiCoO2/separator/Li half-cells were fabricated
with 2016-coin type cells in the argon-filled glovebox (MBRAUM,
W13006-2). For the cycle capability measurements, all the half-cells
were cycled at 0.2 C (0.14 mA cm−2). For the rate capability
measurements, all the half-cells were cycled at current rates of 0.2 to 7
C. The electrochemical impedance of the half-cells was also measured
on the electrochemical working station in the frequency range of 10
mHz to 1 MHz at 25 °C.

3. RESULTS AND DISCUSSION
3.1. Layer-by-Layer Self-Assembly of PAA/ZrO2 Multi-

layers on Microporous Polyethylene Separators. The
fabrication of PAA/ZrO2 multilayers was monitored by the
quartz crystal microbalance (QCM). As shown in Figure 1,
QCM frequency change (−ΔF) presents a regular linear

growth with the alternate deposition of PAA and ZrO2 on
QCM resonator. The frequency change is 225.5 ± 52.3 Hz for
PAA adsorption and 289.4 ± 43.4 Hz for ZrO2, corresponding
to 203.0 ± 47.1 and 260.5 ± 39.1 ng (1 Hz decrease
corresponds to a mass increase of 0.9 ng), respectively. These
results clearly demonstrate that PAA and ZrO2 can be
successfully assembled through the LbL self-assembly method.
The surface and cross-sectional SEM images of pristine and

modified PE separators are shown in Figure 2. No obvious
change in the porous structure and the thickness of separators
before and after LbL modification was observed, which suggests
that this method can minimize the thickness increase of PE
separator and preserve the porous structure to the maximum.
This well-preserved porous character was also analyzed
quantitatively by measuring the Gurley values of pristine and
modified PE separators. As shown in Table 1, the Gurley values
of modified PE separators increase slightly with the increasing
deposition cycles due to the molecular-level control over the
layer thickness of the LbL self-assembly. In order to investigate
the distribution of PAA/ZrO2 multilayers on PE separator, the
energy dispersive X-ray spectroscopy (EDS) was analyzed for
(PAA/ZrO2)3-modified PE separator (Figure 3). The homoge-
neous distribution of Zr and O throughout the surface and
cross-section of (PAA/ZrO2)3-modified PE separators confirms
that PAA/ZrO2 multilayers were successfully assembled
throughout both the outer and inner surfaces of PE separators.

3.2. Physical and Electrochemical Properties of
Modified Polyethylene Separators. Various characteriza-
tions are used to analyze the effects of PAA/ZrO2 LbL self-
assembly on the surface structure and properties of modified
PE separators. According to the results in Table 1 and Figure
S1, the significantly decreased water contact angle of PE
separator after PAA/ZrO2 LbL self-assembly indicates the
enhanced surface polarity and hydrophilicity, which will be
helpful for PE separator to improve the electrolyte wetting
capability. As shown in the liquid electrolyte absorption test
(Figure S2), the pristine PE separator is hardly wetted by the
liquid electrolyte because of its hydrophobic surface character
and low surface energy. In contrast, the modified PE separators
could be fully wetted in 10 s. The enhanced electrolyte wetting
capability leads to the significantly increased electrolyte uptake
from 120% (pristine PE separator) to 325% ((PAA/ZrO2)3-
modified PE separator) (Table 1). In addition to the increased
electrolyte uptake, it has also been found that all PAA/ZrO2
LbL-modified PE separators have a reduced thermal shrinkage
than the pristine PE separator over a wide range of

Figure 1. QCM frequency change (−ΔF) for the alternate deposition
of PAA and ZrO2.
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temparatures (Figure S3). This improvement in the thermal
shrinkage is attributed to the presence of heat resistant ZrO2

layers on the PE matrix, which plays a positive role in holding
the overall skeleton of PE separator to resist against thermal
shrinkage.
Figure 4 shows the Nyquist plots of SS/separator/SS cells

based on pristine and modified PE separators at 25 °C. The
high-frequency intercept on the real axis reflects the bulk
resistance (Rb), which can be used to calculate the ionic
conductivity in Table 1. According to the results, all PAA/ZrO2

LbL-modified PE separators show higher ionic conductivity
than the pristine PE separator, and the highest ionic
conductivity was observed for (PAA/ZrO2)3-modified PE
separator, which may benefit from the synergistic contributions
of the significantly increased electrolyte uptake and the well-
preserved porous structure. Interestingly, (PAA/ZrO2)n-modi-

fied PE separators show higher ionic conductivity than (PAA/
ZrO2)nPAA-modified PE separators, indicating the effects of
top layer on the ionic conductivity.
The Li+ transference number (Table 1) obtained by the

combination of chronoamperometry and AC impedance
analysis (Figure 5) also follow the same trend as the ionic
conductivity. All PAA/ZrO2 LbL-modified PE separators show
higher Li+ transference number than pristine PE separator, and
ZrO2 as the top layer is more favorable for increasing the Li+

transference number. These results reveal the trapping effects of
electrolyte anions by ZrO2, which allows more free Li+ ions to
be available for the conduction. Actually, it has been reported
that inorganic fillers can act as the active Lewis acidic sites to
capture anions in electrolyte.22 It should be the Lewis acid−
base interaction between ZrO2 and PF6

− ions that promote the
liquid electrolyte dissociation for higher ionic conductivity and

Figure 2. Surface SEM micrographs of different separators: (a) pristine PE, (b) (PAA/ZrO2)1-modified PE, (c) (PAA/ZrO2)1PAA-modified PE, (d)
(PAA/ZrO2)3-modified PE, (e) (PAA/ZrO2)3PAA-modified PE, (f) (PAA/ZrO2)5-modified PE. (Insets) Cross-sectional micrographs of separators.

Table 1. Physical and Electrochemical Properties of Pristine and Modified PE Separators

sample Gurley value (s) contact angle (deg) electrolyte uptake (%) ionic conductivity (mS cm−1) Li+ transference number

pristine PE 223 114 120 0.36 0.37
(PAA/ZrO2)1-modified PE 235 47 243 0.50 0.53
(PAA/ZrO2)1PAA-modified PE 237 49 230 0.41 0.43
(PAA/ZrO2)3-modified PE 242 39 325 0.51 0.60
(PAA/ZrO2)3PAA-modified PE 244 41 310 0.40 0.41
(PAA/ZrO2)5-modified PE 254 38 320 0.44 0.47
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Li+ transference number of modified PE separators using ZrO2
as the top layer.23

The oxidative decomposition of electrolyte on cathode is one
major cause for the safety problem of lithium-ion batteries,24

which can be understood by the electrochemical stability
window on stainless steel (SS) electrode. Figure S4 presents the
linear sweep voltammetry (LSV) profiles of SS/separator/Li
cells based on the pristine PE and modified PE separators. It is
noticed that the electrochemical stability for the pristine PE is
up to 4.4 V, while all modified PE separators have wider

electrochemical stability windows, which may originate from
the decreased free solvent molecules in liquid electrolyte to be
decomposed on cathode led by the excellent electrolyte
uptake,25 and the stabilization of electrolyte anions by the
trapping effect of ZrO2 layer. Using the results mentioned
above, we can fine tune the surface characteristic and
electrochemical properties of PE separator by choosing the
different building blocks as the top layer of LbL self-assembly.
(PAA/ZrO2)1PAA-modified PE separator and (PAA/ZrO2)3-
modified PE separator were chosen as representative samples to
discuss the effects of different surface top layers of PE separator
on electrochemical performance of lithium-ion battery.

3.3. Battery Performance. The discharge voltage profiles
of half-cells assembled with the pristine PE separator, (PAA/
ZrO2)1PAA-modified PE separator and (PAA/ZrO2)3-modified
PE separator are shown in Figure 6a−c, and Figure 6d
summarizes the discharge C-rate capacities of these three
separators. It is worth noting that the half-cells assembled with
both of (PAA/ZrO2)1PAA-modified PE separator and (PAA/
ZrO2)3-modified PE separator exhibit much higher discharge
capacities than pristine PE separator over various discharge
current densities from 0.2 to 7 C. The half-cell assembled with
pristine PE separator starts to lose all the capacity when the
current density reaches 5 C. In contrast, the half-cells
assembled with (PAA/ZrO2)1PAA-modified PE separator and
(PAA/ZrO2)3-modified PE separator still hold 44.8 and 49.3%
of the discharge capacity at 0.2 C, respectively. It is also found

Figure 3. EDS elemental map of the surface and cross-section for (PAA/ZrO2)3-modified PE separator.

Figure 4. Nyquist plots of SS/separator/SS cells based on different
separators at 25 °C: (a) pristine PE; (b) (PAA/ZrO2)1-modified PE;
(c) (PAA/ZrO2)1PAA-modified PE; (d) (PAA/ZrO2)3-modified PE;
(e) (PAA/ZrO2)3PAA-modified PE; and (f) (PAA/ZrO2)5-modified
PE.
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that the half-cells assembled with (PAA/ZrO2)3-modified PE
separator show higher capacity especially under high discharge
current densities (5−7 C) than (PAA/ZrO2)1PAA-modified PE
separator, demonstrating the effects of surface top layer of PE
separator on the capacity of cells. Typical cycle performance of
half-cells assembled with these three separators is shown in
Figure S5. Discharge capacity retentions of half-cells using
(PAA/ZrO2)1PAA-modified and (PAA/ZrO2)3-modified PE
separators are kept at 81.4 and 85.1% after 100 cycles,
respectively, showing higher capacity retentions than pristine
PE separator (76.0%). The homogeneous distribution of Zr and
O throughout the surface (both of LiCoO2 electrode side and
Li electrode side) of (PAA/ZrO2)3-modified PE separators
disassembled from cells after 50 cycles gives the evidence of the
stability of PAA/ZrO2 mutilayers on PE separators upon the
frequent charge−discharge process (Figure S6).
AC impedance spectroscopy analysis was carried out in order

to understand the effects of PAA/ZrO2 multilayers on PE
separator surface on the battery performance. The Nyquist
plots of the half-cells assembled with the pristine PE separator,
(PAA/ZrO2)1PAA-modified PE separator and (PAA/ZrO2)3-
modified PE separator after the first and 50th cycle are
presented in Figure 7, respectively. Nyquist plots of all the half-
cells are clearly composed of two semicircles and an inclined

line. The semicircle in the high frequency range (left)
corresponds to the resistance due to Li+ migration through
SEI layer (RSEI), the semicircle in the medium to low frequency
range (right) corresponds to the charge transfer resistance at
the electrode−electrolyte interfaces (Rct), and the inclined line
at low frequency represents the Warburg impedance of lithium
ion diffusion into the active mass (W0). The intercept at real
axis corresponds to the combination resistance Re associated
with the ionic conductivity of electrolyte, the intrinsic resistance
of the cathode, separator, and anode, and the contact resistance
at the electrode/current collector interface.26−29 The sum of Re,
RSEI, and Rct reflects the overall internal resistance of cells, and
the decay of the discharge capacity with increasing the C-rates
or cycle number is related to increased cell internal resistance.
According to the resistance values shown in Table 2, Re is 1−2
magnitudes lower than RSEI and Rct, and is negligible in the total
resistance. So, RSEI and Rct are considered to be the leading
factors influencing the discharge capacity of the battery. The
half-cells assembled with PAA/ZrO2 LbL-modified PE
separators show much lower RSEI and Rct as cell cycles.
Specially, the RSEI of the half-cells assembled with (PAA/
ZrO2)3-modified PE separator increases only 2 Ω after 50
cycles, which means a suppressed and more stable formation of
SEI-layer, facilitating lithium ion transport through SEI layer.
More evidence of good SEI stability can be found by the
compatibility analysis between separators and lithium electrode.
Figure 8 shows the AC impedance variation of symmetrical

Li/separator/Li cells over different storage time. The distance
between semicircle intercepts on the real axis corresponds to
the value of interfacial resistance (Rint),

30 which is associated
with the SEI layer and the charge transfer reaction Li+ + e− = Li
on the lithium electrode. According to the results, the initial Rint
of (PAA/ZrO2)3-modified PE separator is much smaller (483.6
Ω) than (PAA/ZrO2)1PAA-modified PE separator (692.7Ω)
and pristine PE separator (797.6 Ω), and it quickly reaches
stable after 5 days. However, the Rint of pristine PE separator
shows a continuous and rapid increase with storage time. The
increase of Rint with storage time is inevitable and it indicates
the formation and growth of the SEI layer on the lithium
electrode surface as a result of the reaction with electrolyte
components.22 The smaller and more quickly stabilized Rint
reflects better interfacial stability between the liquid electrolyte-
soaked separator and the lithium electrode with continued
storage. Compared to the pristine PE separator, (PAA/
ZrO2)1PAA-modified and (PAA/ZrO2)3-modified PE separa-
tors show much higher electrolyte uptake, which reduces the
amount of liquid electrolyte in contact with the lithium
electrode for reaction. As for the difference between (PAA/
ZrO2)1PAA-modified PE separator and (PAA/ZrO2)3-modified
PE separator, ZrO2 as the top layer provides Lewis acid sites to
trap electrolyte anions, and the high surface area of ZrO2
nanoparticles can also effectively hold the electrolyte solution
by capillary force.31 Once the interactions between the
electrolyte and the lithium electrode are inhibited, the growth
rate of the SEI layer will be slowed down. Moreover, ZrO2 can
also scavenge HF in the electrolyte32 to prevent the attack of
HF toward the SEI layer, contributing to good SEI stability.
The smaller Rct of the half-cells assembled with (PAA/ZrO2)3-
modified PE separator indicates faster charge transfer at
electrolyte/electrode interface, which is partially attributed to
the considerable Li+ transference number of (PAA/ZrO2)3-
modified PE separator. A large Li+ transference number can
effectively reduce the concentration polarization in the vicinity

Figure 5. Chronoamperometry profiles and AC impedance analyses of
Li/separator/Li cells based on the pristine and modified PE separators.
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of electrodes which is caused by the accumulation of anions to
facilitate Li+ ions intercalation/deintercalation, and this is
particularly advantageous for lithium-ion batteries to work

under high current density.33,34 The increased RSEI and Rct
values also account for the capacity decay during cycling.
Therefore, it is actually the stabilized SEI layer formation and
large Li+ transference number that suppress the concentration
polarization in the vicinity of electrodes and therefore lower the
cell internal resistance, which eventually render the cell
employing (PAA/ZrO2)3-modified PE separator higher capacity
retention relative to (PAA/ZrO2)1PAA-modified PE separator
and pristine PE separator.

4. CONCLUSIONS

A simple layer-by-layer (LbL) self-assembly process of
poly(acrylic acid) (PAA) and ZrO2 was applied to construct
functional ultrathin multilayers on commercial PE separators
without increasing the total thickness and sacrificing the porous
structure. The LbL self-assembly method provides a unique
tool for exploring the effects of top layer of modification on the
separator properties and lithium-ion half-cells electrochemical
performances by different deposition cycles and different top
layer exposing to electrolyte. The PAA/ZrO2 LbL-modified PE
separators show significant improvements on a variety of crucial
physical and electrochemical properties, such as the electrolyte
affinity, the electrolyte uptake, the ionic conductivity, Li+

transference number, the electrochemical stability and the
compatibility with lithium metal electrode. The analysis results
reveal that different top layers of modification (i.e., PAA or
ZrO2) can affect the ionization and dissociation of liquid
electrolyte and the formation of solid electrolyte SEI layer. The
LiCoO2/Li half-cell assembled with (PAA/ZrO2)3-modified PE
separator possesses the excellent capacity retention at high C-
rates and the superior cycle performance due to a more
stabilized SEI formation and a higher Li+ transference number
caused by ZrO2 top layer. The simple and universal LbL self-
assembly will be a promising method to solve the surface
property issues on separators, and it provides the possibility for

Figure 6. Discharge profiles of half-cells assembled with (a) pristine PE separator, (b) (PAA/ZrO2)1PAA-modified PE separator, (c) (PAA/ZrO2)3-
modified PE separator, and (d) comparison of discharge capacities and C-rate capabilities, where charge/discharge current densities are varied from
0.2/0.2−7/7 C under a voltage range between 3.0 and 4.2 V.

Figure 7. Nyquist plots of half-cells assembled with different
separators after the first and 50th cycle: (a) pristine PE, (b) (PAA/
ZrO2)1PAA-modified PE and (c) (PAA/ZrO2)3-modified PE.

Table 2. Resistance Data of Half-Cells Assembled with
Pristine and Modified PE Separators

after 1st cycle after 50th cycle

sample
Re
(Ω)

RSEI
(Ω)

Rct
(Ω)

Re
(Ω)

RSEI
(Ω)

Rct
(Ω)

pristine PE 2.32 60 149 2.72 98 323
(PAA/ZrO2)1PAA-
modified PE

1.81 52 120 2.05 65 217

(PAA/ZrO2)3-modified
PE

1.69 47 92 1.78 49 117
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the modified separator to be used in the lithium ion battery
using Li metal as anode material.
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