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In this study, a novel inorganic separator, porous anodic
aluminum oxide (AAQO) is introduced for a rechargeable
lithium ion battery system. The porous AAO gives rise to an
ideal structure for battery separators such as highly ordered
pore array, appropriate porosity (67.4 %), extremely low
tortuosity, and thermal durability. The prepared AAO
separator has average pore sizes of 75 nm and thickness of 54
micrometers, which leads to enhanced ionic conductivity
(2.196 mS cm™), discharging capacity at high current rates
(20.13 mAh g' at 10 C), and capacity retention (82.9 %).
Moreover, the computer simulation (COMSOL) model shows
that the ideal AAO separator structure induces stable LIB
operation in wide ranges of the current rate, due to effective
suppression of Li dendrite formation. AAQO separator has a
strong potential in massive energy storage systems such as
energy storage systems (EES) and electric vehicles (EVs).

Greenhouse gas emission and fossil fuel shortage are growing
environmental concerns where energy storage devices are
essentially required for efficient energy consumption'®. In
particular, Lithium lon Batteries (LIBs) have flourished due to the
needs for huge energy storage systems (ESS) and electric
vehicles (EVs) where LIBs are utilized as basic units®®.
Consequently, LIB development has been on the rise, especially
for improving electrochemical performance with high energy and
power densities and long life cycles.

Recently, considerable amount of research has been conducted
on battery electrodes” ® % '° and electrolytes.” LIBs were found
to have high energy density and power capability. ' However,
safety issues'® regarding thermal stability and short-circuiting by
the Lithium dendrites may be overlooked. A stable operation at
high current density is much more significant in massive energy
storage systems, so safety is a critical issue.

This journal is © The Royal Society of Chemistry 2012
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Electrodes and electrolytes are important in material selection
as well as interfacial' and structural engineering due to LIB
safety and stability. The safety issues are directly linked to the
separator in the LIB system, because lithium cation
transportation occurs in the separator and electrolyte complex.
The separator plays a primary role in LIBs to prevent electrical
short-circuiting between the cathode and anode. Additionally, it
retains electrolytes in the porous matrix for the ion transportation
medium'. The commercialized separators are mostly poly-
olefins, such as polyethylene (PE), polypropylene (PP),
polystyrene (PS), or their blend types (e.g., PE-PP, PS-PP, PET-
PP, etc.). Those materials are advantageous for the mechanical
and structural properties, electrochemical stability, and low cost
production. Nevertheless, the commercialized separators have
weaknesses  of thermal stability’®"®, inferior
wettability'®, and unfavourable complex structure® for ion
transportation. Most poly-olefin separators begin to shrink above
120 °C' %', so they are likely to show thermal runaway, which
causes critical failures such as fire explosion.

Here in, we introduce the anodic aluminum oxide (AAO) as a
new material for a separator in LIBs. It provides a homogeneous
interfacial reaction between the electrolyte and electrode, which
can lead to long-term stability, high rate capacity, and increased
safety. The AAO has an advantageous distinct nano-pore
structure from its self-ordering ability, which can be enumerated
as a highly ordered hexagonal pore array with extremely narrow
pore size distribution®*?*. Furthermore, the AAO has proper
material properties like superior wettability, excellent thermal
stability, chemical resistance, mechanical strength, and high
porosity®> ?®. With regard to the mechanical strength of the AAO,
one of the suitable methods for suppressing Lithium dendrite
growth is through physical and electrochemical stabilization. We
believe that the AAO can exhibit better electrochemical
properties than commercialized polyolefin separators.

crucial low

J. Name., 2012, 00, 1-3 | 1



Journal of Materials Chemistry A

The morphological and physical characteristics of the AAO
separator were studied by utilizing a scanning electron
microscopy (SEM). As-prepared AAO separator with
perpendicular through-hole structure has an average pore size of
75 nm and thickness of 54 micron. Figure 1 shows that the
fabricated AAO separator has (a) uniform pore size and
hexagonal packed array, (b) completely open-hole structures of
the barrier layer at the bottom, and (c) a straight channel with low
AAO structure tortuosity. These properties can lead to moderate
stripping and plating reactions on Li metal surface, and improve
the electrochemical performance of the lithium ion battery due to
the surface smoothing effects on the Li metal electrode?®’. Thus,
this unique hexagonal pore array and cylindrical structure can
provide significant advantages for LIBs.

Computer-aid simulation modelling was carried out to provide
support for the AAO structure properties (Fig. 1 (d)). When the
electric field is applied on the top and bottom of the AAO
separator with the electrolyte system, the current pathways do
not locally concenter while PP shows irregular concentration
(Fig. S1, in the ESI). This means Li cations can transport at a flat
rate and evenly exist at the interface between the separator
pores and the electrode surfaces. It also causes uniform diffuse
distribution at the interface where electrochemical redox
reactions occur. Consequently, those effects can minimize
charge transfer resistance in the LIBs due to relatively increased
Li ion concentration at the electrode surface.”® ¥ The LIB
capacity is advanced via the homogeneous interfacial reactions
when the AAO separator is employed with significant structural
features. Moreover, the structural advantages of the AAO imply
that the Li metal can be utilized as an ideal anode (the highest
theoretical capacity of 3400 mAh g™') without any engineering to
suppress the Li dendrite growth®32,

Figure 1. SEM characterization images of the AAO membrane (a) front, (b)
bottom, and (c) cross-section. The modelling of the current passages in the
porous AAO filled with organic electrolyte (1M LiPFs in EC/DMC in the weight
ratio of 1/1) is simulated by finite element method (FEM) with COMSOL
multiphysics. Red lines denote the current density in the AAO with the liquid
electrolyte system.
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Intrinsic properties of the anodic alumina are evaluated with
regard to the important prerequisites for battery separators like
porosity, electrolyte uptake, wettability, and thermal stability. The
porosity and electrolyte uptake are very important parameters for
the LIB separator, because these properties can determine the
effectiveness of the ion transport medium. High pore densities
per unit area can sufficiently hold the electrolyte, so the
electrolyte is prevented from diffusing out quickly. The porosity
and electrolyte uptake of the PP and AAO separator are defined
by the weight change between dry and wet separators in the
following equations:

Porosity (%) = (M) x 100 11
PliqVi
where W; and W; denote the separator weights before and after
immersion in n-butanol, respectively, p;, is the n-butanol density,
and V; is the separator volume.

Electrolyte uptake (%) = W x 100 [2]
dry

where Wy,, and W,,., represent the weights of the membrane
before and after the commercial liquid electrolyte absorption,
which is 1M LiPF¢ in ethylene carbonate/dimethyl carbonate at a
weight ratio of 1/1 (PANAX ETEC).

The porosity of the AAO membrane is calculated to be 67.4 %,
which shows that the AAO separator has more porous structures
than PP (about 55%%, Celgard 2500). Even though AAO has
higher porosity, the Electrolyte uptakes of the PP membrane was
204.87 wt% and the AAO was 171.79 wt%. Therefore, the
porous separators are fully wetted in the free volume of the pore
structure when considering the density of the samples and
organic electrolytes®.

To characterize the PP and AAO separator wettability (Fig. 2
(a)), the contact angles of each separator are measured with the
same electrolyte used in uptake ability measurement (1M LiPFs
in ethylene carbonate/dimethyl carbonate at a weight ratio of
1/1). As seen in Fig. 2 (b) and (c), the polyolefin separator has a
contact angle of 72°, which is higher than that of AAO (23°).
Thus, the AAO membrane can instantly infiltrate the organic
electrolyte into free pore volumes due to the hydrophilicity,
capillary force, and close polarity with liquid electrolyte®®. This
attractive intrinsic property of Al,O; also works well with previous
reports that aluminum oxide can increase wettability, resulting in
higher discharging capacity when using additional agents for the
surface engineering of separator or gel polymer electrolytes®3°,

Thermal stability is also one of the major criteria in choosing a
suitable candidate for the separator. To evaluate the thermal
resistance, the AAO and PP membranes are placed in a
convection oven at 120 °C for 30 min. Polypropylene based
separators begin to shrink above 120 °C. Thermal shrinkage is
calculated by the following equation:

Shrinkage (%) = (A;—"f) x 100 3]
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where A; and A, represent the areas before and after the
membrane thermal shrinkage test, respectively. The dimensional
PP change is about 23 % (Fig 2 (d) and (e)), but the AAO
separator does not show any contractions (Fig 2 (f) and (g)). The
PP separator did not recover to the initial structure after cooling
at room temperature. Therefore, the AAO is stable for LIB
operation at wide temperature ranges.
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Figure 2. (a) Optical photographs of the 19 mm diameter PP and AAO separator
as the final products. (b, c) The contact angles of the PP membrane (72°) and the
AAO (23°). Before and after heat instability tests of PP (d, e) and AAO (f, g). The
PP separator displayed dimensional shrinkage about 23 % while the AAO had no
changes.

As displayed in Figure 3 (a), the AAO separator with liquid
electrolyte has a higher conductivity of 2.196 mS cm™ than of the
PP separator (0.701 mS cm'1). The better ionic conductive
properties mainly come from the high porosity and uniform
distribution of Li ions. The ordered porous structure can retain
organic electrolytes sufficiently as an important prerequisite for
the efficient Li ion diffusion. We attempt to introduce the AAO
separator with outstanding properties into the energy storage
system and the electrochemical half-cells are evaluated by
assembling Lithium lIron Phosphate (LiFePO,, LFP) electrodes
into working electrode. The Li metal is used as a reference and
the counter electrode is assembled into coin-cells. From the AC
impedance data (Fig 3 (b)), the AAO separator has smaller
charge transfer resistance (Ry) of 133.73 Q and larger ionic
conductivity (o) of 1.804x10-2 mS cm™ than the PP membrane
cell (Rqy and o are 18841 Q and 1.000x102 mS cm™,
respectively). In order to further investigate the electrochemical

This journal is © The Royal Society of Chemistry 2012
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characteristics with different separators, the cycling performance
test is conducted as it is seen in Fig. 3 (c). The cycling properties
and coulombic efficiency are inspected at a high current rate of 5
C (1.325 mA cm™) over 120 cycles. After 50 cycles of charging
and discharging, the PP cell capacity rapidly decreased while the
AAO was stable. The discharge capacity percentage difference
between the first cycle at 5 C (10" and 130" cycle in Fig. S2) and
the 120" cycle of the PP and AAO batteries are 31.80 % (varied
from 68.72 mAh g™ to 46.87 mAh g”) and 17.34 % (from 83.41
mAh g to 68.94 mAh g™), respectively. The columbic efficiency
of the AAO and PP cell is about 100 %.
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Figure 3. (a) The Nyquist plot of the half cells with the PP and AAO separator for
the ionic conductivities. The AAO employed cell performs better over high
frequency ranges (inset). (b) Internal resistance characterized for the PP and
AAO half cell (sandwiched between Li metal and Lithium Iron Phosphate, LFP) by
the AC impedance analyzer. (c) The discharging capacity variation and coulombic
efficiency of the AAO and PP cells.

Moreover, the rate capability, capacity retention, and the AC
impedance tests are studied with a full cell of LFP and Lithium
titanate (LisTisO+2, LTO) as cathode and anode, respectively. The
AC impedance analysis was done before and after the rate
behaviour test to determine the ionic conductivity change. As
shown on the Nyquist plot (Fig.4 a), the AAO and PP separator-
battery has 4.421x102 mS cm™” and 1.469x102 mS cm™,
respectively. During the rate capability examination (Fig 4 b), the
current rate increased from 0.2 C to 10 C, with each step
reflecting 5 cycles. At the beginning of 0.2 C, the AAO shows a
higher capacity with 71.4 mAh g™ rather than 66.4 mAh g™ given
by PP. The difference was observed at the current density of 10
C where the AAO is three times bigger (20.13 mAh g'1) than the
PP capacity (6.52 mAh g'1). The Li ion diffusion in the AAO is
more efficient than in PP. At the end of the rate capability test,
the AAO and PP cells recover 82.9 % and 80.8 % of the initial
capacity, respectively. This means that the electrodes in the AAO
separator cell were less damaged than the electrodes in the PP-
cell. In consideration of our simulation model, regularly-ordered
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close-packed array of nanopores allows even current distribution
on the electrode surface, thus AAO used electrochemical cells
can perform with higher capacity and greater rate capabilities
than PP membrane employed batteries. Once again, it is
confirmed that regular pore arrays and cylindrical morphologies
are favorable and prerequisites for high current charging-
discharging LIBs. This result matches the Nyquist plot data in
Figure 4 (a). After the rate behaviour experiment, the AC
impedance measurement determines the changes in ionic
conductivity. The AAO separator employed battery has 3.519x10
2mS cm™', which shows a slightly reduced, but still much higher
value in comparison with the PP separator used.
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Figure 4. (a) The Nyquist plot shows before and after current rate behavior test
of the PP and AAO full cell. (b) The rate capability results of the AAO and PP
membrane cells are also provided.

Conclusions

In summary, we introduced an ideal AAO separator structure for
the Lithium-lon Battery system. The electrochemical
performances of lithium ion batteries tend to depend on the
structural properties of the separator. The porous framework and
vertically straight channels with extremely low tortuosity allow for
improved battery efficiency, better conductivity, higher
discharging capacity, and superior rate retention capability.
Through electrochemical experiments and computer aid
simulation, highly ordered hexagonal pore arrays were found to
effectively migrate lithium ions and evenly distribute the current
density. This can effectively suppress lithium dendrite growth on

4| J. Name., 2012, 00, 1-3

the lithium metal surface. The Li-metal is an ideal anode material
due to these powerful capabilities.

Experimental details

The AAO separators were fabricated by a two-step anodization
method as shown in Fig. S3. Highly pure aluminum (Al) plates
(99.999 %, 0.55mm thick, purchased from Good fellow, Ltd.)
were prepared as 2 cm X 7.5 cm specimens then degreased,
surface with acetone and ethanol.
Afterwards, the specimens were electropolished at constant 20 V
in 0 °C in a perchloric acid and ethanol mixture (1:4, v/v) for 6 to
8 min to make smooth surfaces and remove impurities like native
oxides and dust. When the Al samples had “mirror-like” surfaces,
anodization was carried out in 0.3 M oxalic acid solution by
applying 40 V at 15 °C for 12 hours. Before conducting the 2™
anodization step, layer was etched away by
chromium (VI) oxide solution immersion at 65 °C for 5 hours. The

which cleaned the Al

the alumina

anodic aluminum oxide layer with highly ordered pore array was
grown along the pretextured nanopits during the second
anodization step. Furthermore, the aluminum substrate was
removed by immersing in a mixed solution of 0.3 M CuCl, and
hydrochloric acid at a volume ratio of 1:1. The bottom AAO
barrier layer was removed by floating on the 5 wt% H3;PO,
solution surface for 60 min at the final stage. To evaluate the
structural and morphological features, manufactured samples
were characterized by a scanning electron microscopy (Hitachi,
S-4800).

To characterize the electrochemical properties of the AAO
separator, CR-2032 coin cells were assembled for specific
purposes. Stainless steel disks were used as electrodes and
liquid electrolytes (1 M LiPFs in EC/DMC, the volume ratio of 1/1)
for the ionic conductivity measurements. The AC impedance
spectroscopy was used (CHIB60E, CH Instrument) from 1 HZ to
1 MHz at room temperature with 5 mV amplitude to calculate the
ionic conductivity (o) in equation [4].

Jonic conductivity (o) = L [4]
RpA
where L is the thickness of the separator, A is the contact area in
between the separator and the stainless steel (SUS) electrode,
and Ry, is the bulk resistance.

The cell resistance was evaluated via an AC impedance test
conducted by electrochemical cells and composed of LiFePO,
(LFP) cathode, drenched separator with liquid electrolyte, and
150 pym thick Li foil. The cell assembly was performed under an
argon atmosphere and the cathode was prepared by coating a
Lithium Iron Phosphate (LFP, LiFePO,, MTI Korea) slurry
containing PVdF (Mw. 540000, Aldrich) binder and Super P
(Timcal) as a conducting agent (in a weight ratio of 8:1:1) in N-
Methyl-2-pyrrolidone (NMP, Daejung chemical). The slurry was
applied on the aluminum substrate (15um thick) using a Meyer
rod.

The full cell consists of the LFP cathode, PP or AAO membrane
with liquid electrolyte, and Lithium titanate (LisTisO42, LTO, MTI
Korea) anode. The LTO anode was fabricated by coating 9 um

This journal is © The Royal Society of Chemistry 2012
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thick copper foil using Mayer rod. The slurry was composed of
LTO, PVdF, and Super P in a 8:1:1 (w/w/w) ratio. Each slurry
was mixed with homogenizer (AR 100, Thinky mixer) at 2000
rpm for 5 min. The manufactured full cells were subjected to
analyze capacity, cycling test, and rate capability by investigating
the charging-discharging characteristics in a battery cycler
system (WBCS 3000L, WonATech).
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Anodic aluminum oxide (AAO) membrane is introduced as a structurally ideal separator for
Lithium ion batteries (LIBs), those advantageous nano-porous properties have strong
potential for lithium metal utilization as an ideal anode due to even current distribution.
Furthermore, electrochemical performance of AAO separator exhibit better ionic conductivity,

higher discharging capacity, and low capacity fading at high current densities with compared
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