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• We introduce ice-templating method to
fabricate lamellar structured LiFePO4

cathode.
• Lamellar structures offer larger areas for
ionic conductivity and a shortmean free
path of electrons.

• A highly-aligned lamellar structure
showed superior rate performance
during the discharge.

• The lamellar structure addresses afore-
mentioned issues and potentially appli-
cable to the porous electrode design.
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Ice-templatinghas beenwidely investigated in various energy-relatedfields owing to the simple and inexpensive
process of this method which results highly-ordered lamellar structures. Lamellar structures offer larger active
areas for ionic conductivity and a short mean free path of electrons. Here, an ice-templated LiFePO4 cathode
was introduced to achieve higher rate capability with a minimized carbon source. The fabricated highly-
aligned porous structure demonstrates superior rate performance during the discharge process compared to
electrodes which use conventional slurry casting. This enhanced performance is mainly attributed to the aligned
porous structure, which facilitates the rapid transfer of electrons from the bulk to a current collector and also
provides a good distribution of contact sites with Li ions in the electrolytes.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The demand for efficient energy storage systems has led the devel-
opment of advanced batteries with higher energy density levels. Li-ion
batteries, as one of the most common energy storage devices, have
been extensively studied as part of the effort to explore novel materials
for cathodes and anodes to realize enhanced operating voltages, capac-
ities, power, and rate capabilities, and even acceptable safety levels
[1–4]. Among the parameters which determine the performance of a
battery system, the rate capability is considered as most crucial,
especially when devices require high-speed charge performance, such
as smart mobile devices and electric vehicles [5–12]. For enhanced
rate capability, the design of the electrode is crucial, as it must offer a
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Table 1
Carbon content of LiFePO4 raw powder and carbonized LFP/PAA composite.

Sample Carbon content [wt%]

Raw powder
(LFP-400)

2.1

After carbonization
(LFP-400/carbon)

4.4

Table 2
Specifications of the fabricated LiFePO4 cathodes.

Sample
name

Preparation method LiFePO4

[wt%]
Carbon
[wt%]

PVDF
[wt%]

Loading
[mg cm−2]

CS_3 Conventional slurry-cast cathode 86.4 8.6 5.0 3
CS_5 86.4 8.6 5.0 5
FC_3 Ice-templated cathode 96 4.0 – 3
FC_5 96 4.0 – 5
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short mean free path of electrons and a large contact area between the
active materials and the electrolytes.

The active materials used in these systems are usually coated onto a
metal foil (a typical current collector) in the form of a slurry which con-
tains conducting agents and binders along with the active materials and
volatile solvents via a conventional slurry casting method [13–15]. In
terms of rate performance capabilities, this conventional preparation
method of electrodes using a slurry is associated with several problems,
including the agglomeration and separation of the activematerials during
the mixing process and increased electrical resistivity mainly induced by
the insulating binders used. In order to address these issues, various de-
signs for binder-free andporous electrodes have beenwidely investigated
to obtain high rate performance and stable cycleability [16,17].

One promising approach is to prepare highly-aligned porous struc-
tures without the use of a binder. Such an aligned structure can expand
the active reaction sites to facilitate the efficient transfer of electrons
through every nanostructure in the array. The void volume between
the neighboring materials can also allow for easy penetration of the
electrolyte, resulting in high Li-ion flux. Several studies have concen-
trated on developing fabrication methods for these aligned porous
Fig. 1. Scheme of the fabrication process of ice-templated LiFePO4 cathodes: Wa
nanostructures [18–20]. Ice-templating, known to be an environmen-
tally friendly and cost-effective method, is advantageous for producing
aligned porous structures with various microstructural features. Mor-
phology control of the porous structure also can be easily done by
changing the solution properties and freezing conditions [21–23].
Many previous reports have shown improved performance when such
devices are applied in energy devices [23–30]. Recently, the fabrication
of cellular and lamellar LiFePO4/C cathodeswas reported [31]. However,
the discussion of electrochemical properties of the lamellar structured
LiFePO4 is still insufficient.

Here, we suggest a well-aligned three-dimensional lamellar-
structured LiFePO4 electrode created via ice-templating and character-
ized the electrochemical performance by increasing active material
loading. The ice-templated LiFePO4 structure proposed here was com-
posed of highly-aligned LiFePO4walls created by the packing of particles
and macroscopic pore channels. The electrode design addresses the
aforementioned issues and results in enhanced high rate capability
than a conventional slurry-cast electrode. This new approach is poten-
tially applicable to the development of porous electrode designs.

2. Experimental

Carbon-coated LiFePO4 nanopowder (HED LFP-400, BASF) was used
to create water-based slurry used here. The slurry was prepared with
poly-acrylic acid (Partial sodium salt, 50 wt% solution in water, Mw =
5000, Sigma-Aldrich, USA) as a dispersant system (LFP-400: PAA =
9:1 (wt.)) [32,33]. The concentration of LiFePO4 powder in thefinal slur-
ry was 20, 15, 10 vol%. The as-prepared slurry was dropped onto alumi-
num (thickness 0.25 mm, 99.999% trace metal basis, Sigma-Aldrich,
USA)whichwas pretreated in 0.1M phosphoric acid for 10min as a hy-
drophilic treatment. Several drops on the aluminum plate (~1 cm2)
were covered by a hydrophobic-treated glass (Menzel-Glaser, 24
× 32 mm) and were frozen using liquid nitrogen. Subsequently, the
glass was detached and the frozen sample was dried using a vacuum
freeze dryer at −40 °C at 0.05 mbar for 0.5 h. When using the slurry
with 15 and 20 vol% powders, the prepared slurry was stiff to fabricate
the lamellar structure. For this reason, the slurry with 10 vol% powder
was used to fabricate the ice-templated cathode. Finally, the freeze-
dried sample was heated at a constant heating rate of 5 °C min−1 to
ter-based slurry preparation, solidification, sublimation and heat treatment.
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640 °C for 5 h in an argon atmosphere to carbonize the PAA polymer.
The elemental analyzer (FLASH 2000 series) and transmission electron
microscopy (FETEM Tecnai G2F30; FEI Company, Eindhoven, the
Netherlands) was used to determine the amount of carbon in the LFP-
400/Carbonmixture. The surface of the LFP-400 rawpowderwas coated
with 2 wt% of carbon and the LFP-400/Carbon mixture then showed
about 4 wt% of carbon. This occurred because the PAA polymer was
changed to carbon (about 2 wt%) during the heat treatment to create
a composite with LiFePO4 walls (Table 1).

With the LFP-400/Carbonmixture, two cathode samples with differ-
ent loading densities of 3 mg cm−2 (FC_3) and 5 mg cm−2 (FC_5) were
prepared. The solid content contained in the LiFePO4 slurry was fixed at
10 vol%, and it had a low tap density of approximately 25% of the theo-
retical LiFePO4 density in both the FC_3 and FC_5 samples. Conventional
slurry-cast cathodes were also prepared as control samples, referred to
here as CS_3 and CS_5. In order to minimize differences in the heat
treatment process between the ice-templated cathodes and the slurry
casting cathodes, the LFP-400/Carbon mixture was used to fabricate
Fig. 2. SEM images of LiFePO4 cathodes: Ice-templated structure with (a) 20 vol% (b) 15 vol%
(d) cross-section view of FC_3 and (e) FC_5.
CS series. The electrode slurry was prepared by mixing the LFP-400/
Carbon mixture (90 wt%): Super P (5 wt%): poly vinylidene fluoride
(5 wt%) and sonicated for 1 h to disperse all of the components
homogenously. Detailed information about all of the samples is summa-
rized in Table 2. The slurry was cast onto an aluminum foil by a doctor
blade method followed by drying in a convection oven at 80 °C for
12 h. All of the cathodes were assembled into coin cells in an argon-
filled glove box with Li anodes and 1 M LiPF6 in ethylene carbonate
(EC): dimethyl carbonate (DMC) [1:1 (vol%)] as an electrolyte with a
separator (polypropylene film, Celgard Inc.).

The microstructure of the ice-templated cathode was characterized
using a scanning electron microscope (FE-SEM Philips XL30 FEG). The
electrochemical performance capabilities of the coin cells were tested
via a high-precision battery performance testing system (WonATech,
Korea, WBCS3000). The galvanostatic charge-discharge cycling perfor-
mance of the cells was tested in the range of 2.2–4.2 V versus Li+/Li
on a battery cycler at room temperature. The kinetics of the electro-
chemical reactions of the active materials was evaluated using two-
and (c, d, e) 10 vol% water-based slurry, respectively. (c) Top view of lamellar structure
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probe AC impedance spectroscopy (Solartron 1260) in the frequency
range of 106 to 5 Hz with a scan rate of 0.1 mV/s.

3. Results & discussion

The scheme of the ice-templating procedure and the final lamellar
structure of the cathodes are presented in Fig. 1. The LiFePO4 nanoparti-
cles and PAA are well dispersed in the slurry droplets. The PAA is a key
material because the ice formulation and interaction between the parti-
cles and the solidification front can bemodified through an additive sys-
tem. Additive PAA clearly decreases the viscosity of the LiFePO4 slurry
and affects the ice formation process. When water is crystallized
below itsmelting point, an ice pattern starts to form. The ice front veloc-
ity depends on the freezing direction, and the crystals grow to the final
ice platelets due to the anisotropy of crystal growth kinetics [33]. During
the growth of the ice crystal, the LiFePO4 particles are segregated and
entrapped between the platelet ice crystals, creating an aligned pattern.
After sublimation, there remains a porous channel with highly-aligned
LiFePO4 walls. Finally, the ice-templated LiFePO4 is heated in an argon
atmosphere to improve the stability of the structure owing to interpar-
ticle necking.

When the slurry with 20 vol% LiFePO4 nanopowder, the viscosity dra-
matically increased and became stiff. The increase in viscosity caused less
expansion of the ice crystal during the freezing, resulted in an increase in
the density of active material as shown in Fig. 2(a). The slurry with
15 vol% LiFePO4, the cellular-like porous structure is shown because the
overall expansion of ice crystal increased by decreasing viscosity
(Fig. 2(b)). The optimized slurry concentration is around 10 vol% which
results in the lamellar structure (Fig. 2(c–e)). A top view of the fabricated
LiFePO4 cathode shows that the LiFePO4 wall width is approximately 1.2
μm and that the spacing between the walls is about 8–9 μm, matching
the expected results when considering the 10 vol% concentration of the
Fig. 3. TEM images of (a) raw powder LiFePO4 and (
initial LiFePO4 slurry (Fig. 2(c)). Under high magnification, it appears
that eachhighly-alignedwall has randomly stacked LiFePO4nanoparticles
with necking after the heat treatment. Each SEM image in Fig. 2(d) and
(e) also presents a cross-section view of FC_3 and FC_5 on the aluminum
current collector. The average heights of the walls of the FC_3 and FC_5
samples are approximately 60 μm and 110 μm, respectively. Under high
magnification, the adhesion between the active material and substrate
appears to be good enough to support a continuous electron path, leading
to stable electrochemical performance, as shown in Fig. 5(c). The LiFePO4

film thickness and structure of thefinal product clearly are sufficiently ho-
mogeneous for the fabrication of coin cells.

The PAA can be carbonized during the heat treatment, covering each
of the LiFePO4walls. The elemental analysis (Table 1) shows the amount
of carbon in the LFP-400/Carbon composites after carbonization as
shown in previous reports [34]. The TEM images of the raw powder
LFP-400 and LFP/Carbon are expressed in Fig. 3. The carbonized PAA
forms a larger amount of carbon around the LFP-400 particles. It is ex-
pected that the partially sintered LiFePO4 particles and carbonized
PAA during the heat treatment enhance electric conductivity.

All electrochemical performance capabilities of the LiFePO4 cath-
odes are tested by fabricating coin cells. As shown in Fig. 4(a) and (c),
the discharge capacities at different rates are compared between
FC_3 and CS_3 from 2.2 to 4.2 V (vs. Li/Li+). The current densities
used for the discharge are 85.5 mA g−1 (0.5 C) and 3.42 A g−1

(20C), respectively. The specific discharge capacity of FC_3 is close
to 130 mAh g−1 at 0.5 C. The specific discharge capacity of FC_3 is
about 93 mAh g−1 at a 20C-rate, exhibiting less of a decrease in the
specific capacity with a low overpotential compared to the value of
CS_3 (80 mAh g−1). Moreover, it is apparent that the advantage of
the ice-templated structure is remarkable when increasing the loading
density of the active materials (Fig. 4(b) and (d)). The FC_5 sample
shows a low discharge overpotential in spite of the high rate and high
b) LFP/C composites after carbonization of PAA.



Fig. 4. Galvanostatic charge and discharge curves at various current densities at 0.5 to 20 C-rate for (a) CS_3 (b) CS_5 (c) FC_3 and (d) FC_5.
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loading density. On the other hand, the CS_5 sample shows a high
overpotential aswell as a low discharge capacity under high rate condi-
tions. The specific capacities of CS_5 and FC_5 are close to 40 mAh g−1

and 85 mAh g−1 at 20C-rate, respectively. This result indicates that
the ice-templated cathode with a small degree of a carbon additive
system enhanced the rate performance significantly. The three-
dimensional ordered porous structure coating with the conductive
material facilitates rapid electron transfer into the LiFePO4 frame wall,
Fig. 5. Rate capability curves of (a) FC_3 and CS_3 (b) FC_5 and CS_5. (c) Cycling performance
(1549.8 Ω cm−2) and FC_3 (157.6 Ω cm−2) electrode. After 100 cycle: CS_3 (970.1Ω cm−2) a
and the electrolyte makes even contact with the electrode. In addition,
the electron is not interrupted by any non-conductive binder such as
polyvinylidene fluoride because the process only contains LiFePO4

powder and carbon. The superior electric conductivity in the LiFePO4

lamellar structure decreases the overpotential, especially when using
an electrode with a high loading density, indicating that the increase
in the thickness of the freeze-casted LiFePO4 wall from 60 to 110 μm
is not crucial for electric conductivity, while the thickness of the
of FC_3 and CS_3 at a constant 1C-rate for 100 cycles. (d) Nyquist plots of pristine CS_3
nd FC_3 (138.1 Ω cm−2).



Fig. 6. Ex-situ SEM observation of the FC_3 cathode after 100 cycles: (a) top view under
low magnification, and (b) top view under high magnification.
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conventional slurry-cast cathode method considerably affects the
electric conductivity. The high discharge capacity at a high rate can be
attributed to the increased electric conductivity and better electrolyte
contact with the electrode.

The discharge capacity of FC_5 shows higher than the charge capac-
ity under 0.5 C. The previous work also presented that the first charge
capacity is lower than discharge capacity in case of LiFePO4 [35]. They
explained why some lithium ions cannot be fully extracted from the
ordered-olivine structure which in turn causes some charge capacity
Fig. 7. Scheme of the cathode structures considering the electron pathways and lithium io
loss. The first one is limited lithium ion phase-boundary diffusion due
to the ionic disorder such as stacking faults, and second one is low elec-
tron conductivity. These problems could make the limitation of the Li+

extraction.
The rate capability studies of the FC and CS series are presented in

Fig. 5(a) and (b). As the rate increases, the difference in the specific ca-
pacity between FC_3 and CS_3 also increases. Moreover, FC_5 shows a
much better rate capability than CS_5, retaining a high value of
85 mAh g−1 at 20C. The cycleability of the FC_3 sample is compared
with that of the CS_3 sample, as shown in Fig. 5(c), illustrating the sta-
bility of the cell composed of the ice-templated cathodes. Cycle stability
is clearly good considering the decreasing slope, and after 100 cycles,
the discharge capacity is nearly 96.7% of its initial capacity. The freeze-
casted LiFePO4 cathode is rigid enough to maintain a porous lamellar
structure after 100 cycles. Electrochemical impedance spectra (EIS)
curves of the CS_3 and FC_3 were obtained before and after 100 cycles
to investigate the effects of lamellar structured cathode. The
Fig. 5(d) shows the EIS profiles consisting of a partially overlapped
semicircle in the high frequency region that describes the charge trans-
fer resistance (Rct), followed by a sloping line in the low frequency re-
gion, which could be considered as Warburg impedance (Zw), which is
associated with Li-ion diffusion in the bulk of the electrode [36–38].
The resistance was measured by fitting the impedance spectrum with
the equivalent model combining the diameters of the semicircles, and
these values are 970.1 Ω cm−2 for CS_3 and 138.1 Ω cm−2 for FC_3
after 100 cycles. The impedance of the FC_3 is smaller than that of
CS_3 indicating lower charge resistance of FC_3. Furthermore, the
impedance slopes of FC_3 in the low frequency range are also much
higher than that of the CS_3 cathode, reflecting better kinetics for
ionic conductivity of the FC_3 cathode.

The morphology is observed after 100 charge-discharge cycles to
confirm the structural stability of the ice-templated LiFePO4 cathodes
(Fig. 6). This result shows that the lamellar-structured cathode remains
nearly identical after the electrochemical reaction. It is considered that
the structure can be maintained without a binder system owing to the
strong bonding between the aluminum current collector and the
lamellar structure arising from the heat treatment process. Taking into
account the results from the electrochemical performance and
morphology assessments of the ice-templated cathode structure, the
electron mean free path and electrolyte contact area according to the
cathode structure are illustrated in Fig. 7. The tape-casted cathode
shows randomly distributed particles mixedwith binders which deteri-
orate the rate performance due to the low lithium ion permeability and
the long mean free path of the electrons. On the other hand, the ice-
templated cathode has a highly-aligned lamellar structure, which is
advantageous for lithium ion permeability and for the electron path to
the current collector.
n permeability: (a) conventional slurry-cast cathode, and (b) ice-templated cathode.
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4. Conclusions

An aqueous slurry-based ice-templating method was introduced to
create a highly-aligned porous LiFePO4 structure for a Li-ion battery
cathode. The ice-templated lamellar structure was a well-aligned
three-dimensional porous structure, and the fabricated electrode
showed better electrochemical performance at a high C rate, with a spe-
cific capacity of 93 mAh g−1 at 20 C-rate. In addition, the structure re-
markably improved the electrochemical performance with a higher
loading density and a high C-rate. These results suggest that the
highly-aligned porous LiFePO4 structure has good electric conductivity
and lithium ion conductive paths, which likely explain why it exhibited
better high-rate performance compared to conventional slurry-cast
cathodes.
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