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A facile and efficient way to impart compelling chemical
functionality is the utilization of bio-related materials that are
easily accessible from natural products. Here, inspired by
anomalous physicochemical features and natural abundance
of agarose, we demonstrate a new class of agarose-
biofunctionalized, dual-electrospun heteronanofiber mat as a
chemically-active separator membrane for high-performance
lithium-ion batteries. The agarose-enabled metal ion
chelation effect of the separator membrane, in combination
with its highly-porous structure and superior electrolyte
wettability, provides unprecedented improvement in cell
performance far beyond those accessible with conventional
battery separator membranes.

A forthcoming clean and smart energy era, boosted by the
tremendous progress of electric vehicles (EVs) and grid-scale energy
storage systems (ESSs), strongly pushes us in pursuit of
rechargeable power sources with reliable electrochemical properties
and robust safeties.' Among various energy storage systems,
undoubtedly, lithium-ion batteries are a frontrunner, particularly in
portable applications. From the viewpoint of ion/electron transport,
which crucially affects battery performance, microporous separator
membranes (simply separators), in addition to other battery
components such as electrodes and electrolytes, should not be
underestimated because they allow ionic flow through electrolyte-
filled microporous channels and also prevent electrical contact
between electrodes.®*

Currently, polyolefin-based microporous separators are widely
used in lithium-ion batteries. Despite such commercial popularity,
they have intrinsic drawbacks related to porous-structure
incompleteness and thermal weakness. A number of approaches
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have been undertaken to overcome this challenge,”® including
ceramic-modified separators, separators,
multilayered separators and electrospun fiber separators. Some
meaningful improvement in porosity and thermal stability was

polymeric nonwoven

presented, however, most of the previously reported separators were
electrochemically passive.

Taking into account that a diversity of electrochemical reactions
occur at electrode-electrolyte interfaces and also separators
positioning between electrodes play a key role as an ion-conducting
channel, separators bearing unique chemical functionality are
expected to provide unprecedented benefits for cell performance,
which will become more pronounced with electrochemically-
susceptible electrode materials. For example, spinel lithium
manganese oxide (LiMn,O,, LMO)*' has attracted great attention
as a promising cathode material owing to its good safety, rate
performance and natural abundance, especially for large-scale
energy applications such as EVs and ESSs. Despite these
advantageous characteristics, practical application of LMO materials
to lithium-ion batteries is staggering mainly due to undesired
dissolution of Mn*" ions at eleveated temperatures.''"* Specifically,
the Mn”" ions dissolved from LMO migrate through electrolyte and
thus deposit as metallic Mn on anode surface. In addition, the Mn**
ions tend to be reprecipitated as Mn-containing byproducts on LMO
surface, resulting in unwanted resistive layers that hinder ionic
migration. Eventually, such Mn*" dissolution-triggered electrode
contamination/disruption leads to serious capacity fading during
charge/discharge cycling. Previous studies on this issue have focused
on surface coating/partial cation substitution of LMO materials,
functional binders and electrolyte additives.'*'® Unfortunately, very
few works'”'® were reported with separators, which were based on
partial modification of polyethylene (PE) separators (not new
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separators exploiting novel structure/chemistry). As a result, high-
temperature cycling performances as well as major separator
properties (including ionic flow and thermal stability) were
marginally improved.

A facile and efficient way to impart compelling chemical
functionality is the utilization of bio-related materials that are easily
accessible from natural products. Spurred by
chemical/physical features and natural abundance of biomaterials,

anomalous

their application to energy storage systems has been extensively
investigated.'*** Most of these previous works were devoted to
synthesis of new electrode active materials and binders.'”?' By
comparison, little attention was paid to biomaterial-based separators.
Cellulose-related separators were solely reported,”>* however, the
role of cellulose was limited simply as a thermally-stable mechanical
framework.

Here, we demonstrate a new class of natural agarose-
biofunctionalized heteronanofiber mat as a chemically-active
separator for high-performance lithium-ion batteries. Agarose, which
is generally extracted from seaweeds and a linear polysaccharide
consisting of D-galactose and 3,6-anhydro-L-galactopyranose linked
by a-(1—3) and B-(1—4) glycosidic bonds, has been widely used for
gel electrophoresis and food products.**** Owing to the unique
chemical structure and facile carbonization, agarose has been also
explored as an alternative material for battery electrode binders and
carbon additives.’®”’ A salient advantage of agarose, from a
separator point of view, is the presence of functional groups such as
ether (R-O-R) and hydroxyl (-OH) groups,”®** which are expected to
effectively capture dissolved metal ions. Moreover, agarose is found
to provide an excellent electrochemical stability (Supporting
Information Fig. S1), as compared to conventional PE separators. To
the best of our knowledge, this is the first study to report agarose-
biofunctionalized battery separators. Along with the agarose-
mediated biofunctionality mentioned above, dual electrospinning
strategy is suggested to attain highly-developed porous structure as
well as dimensional/mechanical stability of resulting separators. The
introduction of dual electrospinning technique, in combination with
the rational material design, enables the fabrication of agarose-
biofunctionalized, dual-electrospun heteronanofiber mat separators
(referred to as “AHM separators”) with full-fledged membrane
properties, eventually providing a remarkable improvement in cell
performance far beyond those achievable with conventional
separators.

The AHM separator was fabricated through the dual
electrospinning of agarose/polyacrylic acid (PAA) mixture and
polyacrylonitrile (PAN) (Fig. 1a). Photographs and a video clip
depicting experimental operation of the dual electrospinning process
were presented in Supporting Information Fig. S2. More details on
the fabrication of the AHM separator were described in the
experimental section. Agarose, similar to other polysaccharides, has
strong intramolecular hydrogen bonding, which thus fails to form
well-defined electrospun nanofiber mat (Fig. 1b). Importantly, its
widely/unevenly distributed nonporous region may hamper ionic
flow between electrodes. To suppress this self-agglomeration
problem of agarose, another functional polymer (here, PAA) was
mixed with agarose. PAA has carboxyl groups and is often used as
polymeric binders for silicon (Si) anode.’® The carboxyl groups of
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Fig 1. Fabrication and characterization of AHM separator: (a)
schematic illustration depicting overall fabrication of AHM
separator via dual electrospinning process; (b) SEM image of
pristine agarose electrospun nanofiber mat; (c) SEM image of
agarose/PAA electrospun nanofiber mat; (d) SEM image of
(agarose/PAA)/PAN dual electrospun nanofiber mat (= AHM
separator), wherein an inset is high-magnification view; (e) SEM
image (cross-sectional) of AHM separator.

PAA are known to establish intermolecular hydrogen bonding with
hydroxyl groups of polysaccharides,” which could therefore
contribute to mitigating the self-agglomeration of agarose nanofibers.
The Fourier-transform infrared (FT-IR) spectra (Supporting
Information Fig. S3) of the agarose/PAA nanofiber mat show that a
broad absorption band at ~ 3330 cm ™' (assigned to hydroxyl groups
of agarose) is weakened, after being subjected to thermal treatment
(= 150 °C/2 h) that was performed to promote the intermolecular
hydrogen bonding. This result demonstrates the thermal
condensation reaction between hydroxyl groups of agarose and
carboxylic acid moieties of PAA. As a consequence, the
agarose/PAA electrospun nanofiber mat suppressed the self-
agglomeration of agarose nanofibers, yielding the uniform/spatially-
reticulated porous structure (Fig. 1¢), where the composition ratio of
agarose/PAA was 50/50 (w/w). Other composition ratio did not
reach such a well-developed porous structure (Supporting
Information Fig. S4).

Although the free-standing nanofiber mat was obtained with the
agarose/PAA mixture, its dimensional tolerance upon mechanical
deformation (such as wrinkling) was still insufficient to meet

This journal is © The Royal Society of Chemistry 2012

Page 2 of 7



Page 3 of 7

b} 120
100
< ®
- 80
E 40
% o
o [+ ]
40 &0 BO 100
Cycle Number
d) 129 WA
= 1000 m PE
=
8 [ ]
E a0
F w0
‘ 200
= 0
n;_‘lﬂ
';:" - et :“ﬂ 0.2 0.5C | 1.0C
al E 80
Bl - Sreal s laadig
& B0 of LID waturcte
§ %' g = 18w cu®
£l B ool @AHN
T L LT € 5 2 B PE
iy e W wm 7™ W 0 v 1 = 25
&f ppm Cycle number

Fig.2 Cell performance of AHM separator (vs. PE separator): (a)
charge/discharge profiles with cycling (up to 100 cycles) at 60 °C;
(b) high-temperature (60 °C) capacity retention as a function of cycle
number; (¢) AC impedance spectra after 100 cycles at 60 °C; (d)
amount of Mn>" ions captured by separators (estimated from ICP-
MS analysis); (e) C- NMR spectra verifying the chelation of Mn**
ions by ether/hydroxyl groups of agarose; (f) discharge rate
performance for high mass loading LMO cathode (= 18 mg cm™).

practical requirements of battery separators (Supporting Information
Fig. S5a). To resolve this shortcoming, PAN was introduced as a
mechanically-reinforcing polymeric framework. Using the dual
electrospinning technique, PAN, together with the agarose/PAA
nanofibers, was simultaneously electrospun, eventually leading to
the (agarose/PAA)/PAN AHM separator with mechanical toughness
(Supporting Information Fig. S5b). To further verify this PAN-
driven mechanical reinforcement effect, tensile properties of the
AHM separator were examined. The stress—strain curves (Supporting
Information Fig. SS5c) show that the AHM separator presents the
higher tensile stress and also the larger elongation at break than the
agarose/PAA nanofiber mat. We admit that the tensile properties of
the AHM separator are lower than those of the commercial PE
separator (Supporting Information Fig. S5d), except for the tensile
modulus. Future works will be dedicated to further improving
mechanical properties of the AHM separator. Meanwhile, the
composition ratio of the AHM separator was identified by estimating
the weight change before/after selective etching of water-soluble
components (agarose and PAA, prior to the thermal condensation) in
water at 50 °C for 12 h. The PAN content was found to be
approximately 29 wt.%. From the previous result about the relative
composition of agarose/PAA (= 50/50 w/w), the weight-based ratio
of the AHM separator led to (agarose/PAA)/PAN = (35.5/35.5)/29
(W/w/w).

This journal is © The Royal Society of Chemistry 2012
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Morphological uniqueness of the AHM was
investigated in detail. A number of heteronanofibers were piled up
with being randomly intercrossed (Fig. 1d). Notably, the
agarose/PAA nanofibers and PAN ones independently exist (an inset
image of Fig. 1d), which was further verified by the energy
dispersive X-ray spectroscopy (EDS) analysis of nitrogen (N)
element (Supporting Information Fig. S6). The cross-sectional SEM
image (Fig. le) shows that the average thickness of the AHM
separator is approximately 25 um and also the heteronanofibers are

separator

uniformly dispersed over the entire thickness direction.

Porous structure (after being filled with liquid electrolyte) of
separators critically affects ion transport between electrodes.*> The
AHM separator, owing to its well-developed pores formed between
the heteronanofibers, shows the higher porosity than the PE
separator (Supporting Information Table S1 and Fig. S7). This was
confirmed by comparing Gurley value (= air permeability) (17 sec
100 cc™! for AHM separator vs. 240 sec 100 cc™' for PE separator)
and also ionic conductivity (6 = 0.87 mS cm™' for AHM separator vs.
0.65 for PE separator, after being soaked with 1 M LiPF in EC/DEC
= 1/1 v/v). In addition, the AHM separator presents the lower
McMullin number (Ny = Geiectrolyte/ Gseparator) than the PE separator,
indicating that ionic flow through the AHM separator is less
hindered due to the well-developed porous structure. Electrolyte
wettability of the AHM separator was compared with that of the PE
separator. The AHM separator shows the higher electrolyte-
immersion height than the PE separator (Supporting Information Fig.
S8a), which is attributed to its highly-porous structure and also polar
characteristics. Thermal shrinkage test (Supporting Information Fig.
S8b) exhibits that the AHM separator, due to its thermally-stable
components and no stretching step involved in the separator
fabrication, provides better thermal resistance (thermal shrinkage ~
0 %, after exposure to 150 °C/0.5 h) than the PE separator (~ 95 %).
Electrochemical stability of the separators was monitored using
linear sweep voltammetry (LSV). No appreciable decomposition of
the AHM separator occurred up to 5.0 V (vs. Li/Li"), which is
superior to the PE separator (Supporting Information Fig. S8c). Self-
discharge behavior of cells assembled with the AHM separator was
examined by measuring open-circuit voltage (OCV) drop as a
function of elapsed time. The AHM separator shows a stable OCV
profile, which is almost comparable to that of the PE separator
(Supporting Information Fig. S8d), demonstrating that the porous
structure of the AHM separator was well-tuned against unwanted
leakage current between electrodes.

The  highly-porous  structure agarose-mediated
biofunctionality of the AHM separator are expected to exert
beneficial influence on cell performance. The coin cell (2032-type)
assembled with LMO cathode (areal mass loading = 12 mg cm™) and
Li metal anode was cycled between 3.0 and 43 V at a
charge/discharge current density (1.0 C (= 1.52 mA cm?)/1.0 C).
The cell containing the AHM separator delivers the stable high-
temperature (60 °C) charge/discharge profiles up to 100 cycles (Fig.
2a). By contrast, the cell with the PE separator shows a sharp decay
in capacity and also large cell polarization, resulting in the complete
loss of electrochemical activity. Notably, the capacity retention after
100 cycles was approximately 93 % for the AHM separator and 0 %
for the PE separator (Fig. 2b). This superior capacity retention was

and
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verified by monitoring the variation in the AC impedance spectra of
the cells before/after 100 cycles (Fig. 2¢, Supporting Information Fig.
S9). The growth of the cell impedance after 100 cycles was
considerably suppressed in the cell incorporating the AHM separator
(Zre (100" cycle) - Zge (1% cycle) = AZg. ~ 12 ohm) compared to
that of the cell with the PE separator (AZg, = 300 ohm). This result
demonstrates that the AHM separator effectively prevents the
formation of undesirable resistive layers predominantly formed on
the electrodes.

Such a remarkable improvement in the capacity retention and
cell polarization of the AHM separator may be ascribed to the
capture of Mn?" ions dissolved from LMO cathode. To prove this
hypothesis, the Mn*" chelation ability of the AHM separator was
quantitatively investigated by measuring the trapped Mn*" ions after
being immersed in manganese perchlorate (Mn(ClOy),) electrolyte
solution'* (i.e., 10 mM Mn(ClO,),-containing 1.3 M LiPF, in EC/PC
= 1/1 v/v). More details on this analysis were described in the
experimental section. The inductively coupled plasma mass
spectrometry (ICP-MS) analysis exhibits that the captured Mn*"
amount of the AHM separator is almost 50 times higher than that of
the PE separator (Fig. 2d). To better elucidate this unique behavior
of the AHM separator, pure agarose, PAN and PAA films were
respectively prepared as model systems and their Mn®" chelation
ability was investigated. Among the three components of the AHM
separator, contribution of agarose (137 ppm) to the Mn”>" capture
was found to be highly noticeable (Supporting Information Fig. S10),
in comparison to the PAA (19 ppm) and PAN (7 ppm) that are
hardly swollen with the Mn(ClOy,), solution. In addition, the change
in chemical shift (8) in *C-nuclear magnetic resonance ('*C-NMR)
peaks of the pure agarose film, before/after being soaked into the
Mn(ClOy), solution, was examined. Fig. 2e apparently shows the
coordination-induced shift* of agarose carbon atoms (5=103.1 (C1"),
6=80.8 (C3), =78 (C4), 3=76.3 (CS5), 6=70.0 (C6)) bonded to -O-
groups and also those (6=71.0 (C2'), 6=76.08 (C5"), 8=62.1 (C6"))
linked to -OH groups, providing the detailed information on
chelation of Mn?*" jons by ether and hydroxyl groups of agarose. The
aforementioned structural analysis demonstrates that the beneficial
chelation effect of the AHM separator on the high-temperature
cycling performance (i.e., capacity retention and polarization)
mainly arises from the biofunctionality of agarose. More in-depth
characterization on the high-temperature cycling performance of the
AHM separator will be conducted in the following section.

In addition to the cyclability, the AHM separator shows the better
discharge rate performance than the PE separator (Supporting
Information Fig. S11), where the cells were charged at a constant
current density of 0.2 C and discharged at various current densities
ranging from 0.2 to 5.0 C. The detailed information on the cell test
was provided in the experimental section. Notably, the advantageous
effect of the AHM separator on the discharge rate capability became
more pronounced at the high mass loading LMO cathode (= 18 mg
cm’, Fig. 2f). This superior rate performance of the AHM separator
can be explained by its excellence in ion conductivity (Supporting
Information Table S1) and electrolyte affinity (Supporting
Information Fig. S8a). The abovementioned beneficial effect of the
AHM separator on the cell performance was investigated in great
detail, with a particular focus on Mn?*
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Fig. 3 In-depth analysis of LMO cathode, Li metal anode and
separator of cells after 100 cycles at 60 °C: (a) metallic Mn deposited
on lithium metal anode (measured by ICP-MS analysis); (b) SEM
image of LMO cathode surface assembled with PE separator,
wherein an inset shows LMO cathode surface assembled with AHM
separator; (¢) XPS F 1s spectra of LMO surface; (d) SEM image of
AHM separator. (e¢) A conceptual illustration depicting beneficial
effect of AHM separator on high-temperature cycling performance.

chelation ability.

After the high-temperature cycling (100 cycles), the cells were
disassembled and then surfaces of the lithium metal anode and the
LMO cathode were characterized. The metallic Mn deposited on the
lithium metal was quantitatively anlayzed using ICP-MS technique
(Fig. 3a). In comparison to the PE separator (147 ppm), the AHM
separator (32 ppm) significantly suppresses the deposition of
metallic Mn on the lithium metal, verifying the Mn”" chelation
ability of AHM separator, Fig. 3b shows that the LMO cathode
assembled with the PE separator was covered with considerable
amount of byproducts.

In comparison, the relatively clean cathode surface was observed

at LMO cathode with the AHM separator (an inset image of Fig. 3b).
The LMO cathode surface was further examined using the X-ray

This journal is © The Royal Society of Chemistry 2012
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photoelectron spectroscopy (XPS) F 1s spectra. For the PE separator,
a peculiar peak (684.6 ¢V) assigned to MnF, was observed at the
LMO surface (Fig. 3c), revealing that the byproducts shown in the
Fig. 3b are associated with MnF,. The MnF, byproducts* are known
to be formed via unwanted side reactions between dissolved Mn*"
ions and hydrofluoric acid (HF, generated from electrolyte
decomposition). By contrast, the LMO surface for the AHM
separator presents a peak (687.0 eV) corresponding to a typical SEI
layer (specifically, Li,PO,F,-containing compounds™).

Such a dramatic difference in the LMO surface was confirmed
by analyzing the AHM separator surface adjacent to the LMO
cathode. A large amount of byproducts were formed preferentially
along the nanofibers of the AHM separator (Fig. 3d). The XPS Mn
2p and F 1s spectra (Supporting Information Fig. S12) exhibit that
the byproducts on the AHM separator surface are ascribed to MnF,,
indicating that the AHM separator effectively captures Mn®" ions
during the high-temperature cycling. This beneficial effect of the
AHM separator on the cell performance is conceptually illustrated in
Fig. 3e. For the PE separator, the Mn?" ions dissolved from LMO
cathode tend to deposit as metallic Mn on lithium metal anode and
also form MnF,-containing resistive layer on LMO cathode. By
comparison, a significant portion of dissolved Mn?" ions are trapped
inside the AHM separator and then turned into MnF, on the
electrospun nanofibers. Potentially harmful influence of the
deposited MnF, on ion transport of the AHM separator may not be
appreciable due to its highly-developed porous structure, thus little
impairing the cell performance.

Conclusions

In summary, inspired by the natural agarose-mediated
biofunctionality, we have developed the dual-electrospun
(agarose/PAA)/PAN heteronanofiber mat as a new concept of
electochemically-active (specifically, metal-ion chelating) battery
separator (“AHM separator”). The dual eletrospinning-driven
architecturing of the heteronanofiber mat, in combination with the
rational tailoring of intermolecular (agarose/PAA) hydrogen bonding,
allowed the successful fabrication of the AHM separator. The
agarose-enabled Mn?* chelation effect of the AHM separator, along
with its highly-porous structure and superior electrolyte wettability,
provided unprecedented improvement in the cell performance (in
particular, high-temperature cyclability) far beyond those achievable
with the conventional PE separator. We envision that the agarose-
biofunctionalized AHM separator, owing to the
effectiveness/versatility of its metal chelating ability and also full-
fledged membrane properties, can be easily combined with a variety
of high-voltage/-capacity (but, suffering from metal dissolution)
electrode materials, thus boosting up the progress of next-generation
high-performance batteries. In addition to the power source
applications, it is also anticipated that the AHM separator may hold a
great deal of promise as an alternative membrane for use in a wide
variety of filtration/purification systems aiming at selective removal
of heavy metal ions, which will be a major research theme in our
future studies.
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Agarose-biofunctionalized, dual-electrospun heteronanofiber mats: Toward metal-ion chelating
battery separator membranes

Ju-Myung Kim, Chanhoon Kim, Seungmin Yoo, Jeong-Hoon Kim, Jung-Hwan Kim, Jun-Muk Lim,
Soojin Park*, and Sang-Young Lee*

The agarose-biofunctionalized, dual-electrospun heteronanofiber mat was demonstrated as a new class of
chemically-acitve (specifically, metal-ion chelating) battery separator membrane. The agrose-mediated
Mn?" chelation ability of the heteronanofiber mat separator, in association with its highly-porous structure
and exceptional electrolyte wettability, enabled unprecedented improvement in the rate performance and
high-temperature cyclability far beyond those achievable with conventional separators.
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