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ABSTRACT: Alternative materials obtained from natural
resources have recently garnered considerable attention as an
innovative solution to bring unprecedented advances in various
energy storage systems. Here, we present a new class of
heterolayered nanomat-based hierarchical/asymmetric porous
membrane with synergistically coupled chemical activity as a
nanocellulose-mediated green material strategy to develop smart
battery separator membranes far beyond their current state-of-
the-art counterparts. This membrane consists of a terpyridine
(TPY)-functionalized cellulose nanofibrili (CNF) nanoporous
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thin mat as the top layer and an electrospun polyvinylpyrrolidone (PVP)/polyacrylonitrile (PAN) macroporous thick mat as the
support layer. The hierarchical/asymmetric porous structure of the heterolayered nanomat is rationally designed with
consideration of the trade-off between leakage current and ion transport rate. The TPY (to chelate Mn** ions) and PVP (to
capture hydrofluoric acid)-mediated chemical functionalities bring a synergistic coupling in suppressing Mn?*-induced adverse
effects, eventually enabling a substantial improvement in the high-temperature cycling performance of cells.
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he rapidly approaching smart energy era, which will enjoy

the widespread popularity of electric vehicles (EVs), grid-
scale energy storage systems (ESSs), and flexible/wearable
electronics, is strongly pushing us to develop advanced
rechargeable batteries with reliable electrochemical perform-
ance.' > As an innovative solution to address this challenging
issue and also to fuel the sustainable growth of battery
technologies, natural-resource-based alternative materials be-
yond the current state-of-the-art synthetic products have
recently drawn substantial attention. Among the various eco-
friendly materials reported to date, cellulose has been
highlighted as a promising building block because of its natural
abundance, low cost, physicochemical robustness, biocompat-
ibility, lightweight, and recyclability.‘"5 Enormous efforts have
been undertaken to use cellulose as an alternative natural
material for a wide variety of rechargeable power sources such
as lithium-ion and sodium-ion batteries and supercapacitors,
with a focus on potential applications in electrode binders,
mechanical buffers of metallic anodes, porous current
collectors, and separator membranes.”™”

In the relentless pursuit of next-generation high-perform-
ance/high-safety batteries, a great deal of research interest
should be devoted to the separator membranes as well as the
electrodes and electrolytes. Internal short-circuit failure
occurring between the electrodes, which is considered a
primary cause of cell fires or explosions, can be prevented by
separator membranes.'’”'> Meanwhile, as an essential pre-
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requisite for activating the electrochemical reaction in batteries,
ions should reach electrodes via the electrolyte-filled porous
channels of the separator membrane. Given such an important
function of separator membranes in the ion transport between
electrodes, introducing novel chemical functionalities to
separator membranes is expected to bring unprecedented
benefits to battery performance. For example, unwanted
byproducts in electrolytes, such as manganese ions (Mn®")
dissolved from lithium manganese oxide electrode materials'>"*
and hydrofluoric acid (HF) generated by side reactions
between residual water and lithium salts,"® are known to result
in serious capacity loss during charge/discharge cycling. These
byproducts can be captured by separator membranes bearing
suitable chemical functionality prior to reaching the electrodes.
Unfortunately, very few studies have been performed to
develop functionalized separator membranes, including the
partial modification of polyolefin microporous membranes'®'”
and electrospun nonwovens.'® In particular, the theoretical-
understanding-based design and synthesis of chemically active
groups in functional separator membranes, along with
concurrent endeavors to promote ion transport kinetics, have
not been reported.
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Figure 1. Synthesis of TPY-functionalized cellulose nanofibrils (CNFs). (a) Illustration of a TPY-functionalized CNF. (b) FT-IR spectra of CNF 1,
oxidized CNF 2, and TPY-functionalized CNF 7. (c) N 1s XPS spectra of amine-containing TPY 6 and TPY-functionalized CNF 7.

Herein, intrigued by the facile functionalization of nano-
cellulose via its rich hydroxyl moieties, we propose a green
material strategy for the development of next-generation
separator membranes that can address the aforementioned
long-standing challenges (i.e, internal short-circuit safety
failure, ion transport kinetics, and chemical functionality).
Specifically, we present a new class of heterolayered-nanomat-
based hierarchical/asymmetric porous membranes with synerg-
istically coupled chemical activity (referred to as the c-mat
separator). The c-mat separator is composed of a terpyridine
(TPY)-functionalized cellulose nanofibril (TPY-CNF) thin
nanoporous mat as the top layer and an electrospun
polyvinylpyrrolidone (PVP)/polyacrylonitrile (PAN) thick
macroporous mat as the support layer. The TPY-CNF top
layer is seamlessly integrated with the PVP/PAN support layer
by a vacuum-assisted infiltration process. The TPY molecules,
because of their electron-rich nitrogen groups in an array of z-
conjugated geometries, readily coordinate with metals to form
bis(terpyridine) /metal complexes [M(TPY),]."”*° In this
study, Mn”* ions dissolved from LiMn,0, (LMO) are chosen
as model metal ions dissolved in liquid electrolytes. Notably,
the Mn**-chelating capability of TPY in TPY-CNF is
theoretically investigated using density functional theory
(DFT) calculations and molecular dynamics (MD) simulations.
The TPY-CNF, in conjunction with the PVP acting as a HF
scavenger, provides synergistic coupling in suppressing Mn>*-
induced adverse effects. In addition to this unusual chemical
functionality, another salient feature of the c-mat separator is
the one-dimensional (1D) fiber-based heterolayered nanomat
architecture, which enables the construction of a hierarchical/
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asymmetric porous structure. In the thin top layer, nanoscale
pores are formed between densely piled TPY-CNFs, thereby
preventing leakage current between the electrodes. The
macroporous electrospun PVP/PAN mat allows fast and facile
ion transport through its highly developed, micrometer-sized
porous channels that function like ionic highways. Benefiting
from the aforementioned structural/chemical uniqueness, the c-
mat separator is anticipated to provide substantial improve-
ments in battery performance far beyond that achievable with
conventional separator technologies.

To produce TPY-functionalized CNFs (TPY-CNFs), we
rationally designed the synthetic reaction steps as follows
(Figure 1a). Pristine CNFs were obtained through the repeated
high-pressure mechanical disintegration of wood pulp.”** The
surface modification of CNFs was conducted using TEMPO-
mediated oxidation to generate carboxylic acid/carboxylate
groups that act as reactive branching sites. Because of the
presence of the more hydrophilic carboxylate moiety, the
solubility of the oxidized CNFs was enhanced in the aqueous
suspension, yielding a lower viscosity (3.00 = 1.79 cP)
compared to that of the pristine CNF suspension (8.46 =+
0.37 cP). Meanwhile, amine-containing TPY molecules were
synthesized and confirmed by 'H NMR and mass spectrometry
(Supporting Information, Figure S1). As-synthesized TPY was
then conjugated with carboxylate groups on the oxidized CNFs
in the presence of N-ethyl-N'-(3-(dimethylamino)propyl)
carbodiimide methiodide (EDC), eventually leading to the
TPY-CNFs.

The functional groups of the synthesized TPY-CNFs were
identified through analysis of the corresponding FT-IR spectra
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Figure 2. Fabrication and structural/physical characterizations of the c-mat separator. (a) Schematic depicting the overall fabrication procedure of
the c-mat separator. SEM images of the (b) top, (c) bottom sides, and (d) cross-section of the asymmetric c-mat separator and an elemental

mapping image of nitrogen. (e) A tape test using commercial Scotch tape, a crumpling test of the c-mat, and an SEM image after the SOth cycle. The
scale bar of each SEM images is 20 ym.
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Figure 3. Comparison of the separators. Schematic and pore size distribution of the (a) PVP/PAN electrospun mat, (b) TPY-CNF, and (c) TPY-
CNF on PVP/PAN (c-mat). (d) OCV profiles of the cells (LMO cathode/Li metal anode), where the cells were charged to 4.3 V at a constant
current density of 0.2 C and their voltage drop was measured as a function of the elapsed time. (e) Discharge rate performance as a function of the
thickness of the TPY-CNF layer.

(Figure 1b). For both the oxidized CNFs and the TPY-CNFs, absent in the spectrum of the pristine CNFs. In the spectrum of

the introduction of carboxylate groups caused the appearance the TPY-CNFs, new peaks were observed at 1468 and 791
of the C=0 stretching vibration peak at 1610 cm ™', which was em™, which were attributed to N—H bending and rocking of
5535 DOI: 10.1021/acs.nanolett.6b02069

Nano Lett. 2016, 16, 5533—5541


http://dx.doi.org/10.1021/acs.nanolett.6b02069

Nano Letters

amide, respectively, indicating the successful amide coupling by
EDC chemistry. The TPY molecule bonded to the CNFs was
further verified by analyzing the XPS spectra (Figure 1c). The
characteristic N 1s peaks of the TPY-CNFs were observed at
402.1 (amide) and 399.3 eV (pyridinic-N); these peaks were
shifted upward from those of the bare TPY molecules at 400.4
(amine) and 398.2 eV (pyridinic-N).

The c-mat separator was fabricated using a vacuum-assisted
infiltration technique analogous to the traditional paper-making
process.”>~>> The as-obtained TPY-CNF suspension was
poured onto an electrospun PVP/PAN mat positioned inside
a porcelain Biichner funnel. The uniform dispersion of the
nanometer-scale TPY-CNF suspension is shown in the inset of
Figure 2a. After the vacuum infiltration followed by solvent
removal, a self-standing c-mat separator was successfully
produced. A schematic depicting the overall fabrication
procedure of the c-mat separator is provided in Figure 2a.

The structural uniqueness of the c-mat separator was
characterized with a particular focus on its hierarchical/
asymmetric porous morphology. A scanning electron micros-
copy (SEM) image of the c-mat separator shows that the 1D
nanofibers (i.e, the TPY-CNFs) are densely packed and
uniformly distributed over a wide area of the TPY-CNF mat,
generating a number of nanoscale pores formed between the
compactly piled TPY-CNFs (Figure 2b). Meanwhile, an EDS
image reveals the presence of TPY molecules (their nitrogen
atoms are represented in green) chemically linked to the CNFs.
The opposite side of the c-mat separator was the electrospun
PVP/PAN mat serving as a support layer (Figure 2c).
Compared with the TPY-CNFs, the electrospun PVP/PAN
fibers have a larger micron-sized diameter, thus yielding a highly
interconnected macroporous structure in the resultant PVP/
PAN support layer. A cross-sectional SEM image shows that
the thin TPY-CNF mat (top layer) was integrated with the
thick PVP/PAN mat (support layer) and that a hierarchical/
asymmetric porous structure developed in the through-
thickness direction (Figure 2d).

To check the structural/dimensional robustness of the c-mat
separator, tape tests were conducted. No appreciable amount of
TPY-CNFs or PVP/PAN fibers was detached from the c-mat
separator (Figure 2e). Additionally, upon repeated crumpling/
uncrumpling cycles, the c-mat separator maintained its
dimensional stability without physically disintegrating into
individual fibers (Figure 2e).

We note again that a morphological feature of the c-mat
separator is the heterolayered nanomat-enabled hierarchical/
asymmetric porous structure [i.e., the combination of the
nanoporous structure (the TPY-CNF top layer) and the
macroporous one (the PVP/PAN support layer)]. To elucidate
the advantageous effect of this structural uniqueness on the
electrochemical performance of cells, a PVP/PAN mat and a
TPY-CNF mat were fabricated as model separators and
subsequently compared with the c-mat separator. The porous
morphology and pore size distribution (PSD) of the separator
samples examined herein are shown in Figure 3a—c. The PVP/
PAN separator (Figure 3a) clearly exhibited large-sized
macropores, and the average diameter was estimated from the
PSD to be ~1000 nm. In comparison, the nanoporous structure
(average diameter ~10 nm) formed from the densely packed
TPY-CNFs was observed at the TPY-CNF separator (Figure
3b). Notably, the c-mat separator exhibited the hierarchical
(nanoporous-macroporous)/asymmetric porous structure in
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the through-thickness direction (Figure 3c), which was further
verified by the bimodal pore size distribution.

The drop in the open-circuit voltage (OCV) and the
discharge C-rate capability of the cells assembled with the
aforementioned separators were characterized; the results are
discussed in terms of the separators’ porous structures.”® The
OCYV drop test (Figure 3d), which is known to be an indicator
of self-discharge behavior in cells, showed that the cell
containing the macroporous PVP/PAN separator failed to
maintain its charge voltage over time, revealing that the
micrometer-scale pore size of the PVP/PAN separator is too
large to sufficiently prevent leakage current between the
electrodes. By contrast, no appreciable drop in the OCV was
observed at the c-mat separator, which appeared to be
comparable to that of a commercial PP/PE/PP separator
(Supporting Information, Figure S2). The OCV results
demonstrate that the nanoporous TPY-CNF top layer in the
c-mat separator plays a critical role in suppressing leakage
current.

Despite the beneficial contribution of the TPY-CNF top
layer, its nanoporous structure may limit the ionic flux through
the layer, thus negatively affecting the electrochemical perform-
ance of cells. To address this concern, various c-mat separators
with TPY-CNF top layers of various thicknesses were
fabricated. Figure 3e shows the effect of the top layer thickness
on the discharge capacity of cells assembled with c-mat
separators, wherein half-cells (i.e,, LMO cathode/separator/Li
metal anode) were charged at a constant current density of 0.2
C and were discharged at various current densities (0.2—5.0 C)
in the voltage range from 3.0 to 4.3 V. As the top layer
thickness was increased from 1 to 10 pum, the discharge
capacities tended to decrease, which became more pronounced
at higher discharge current densities. Notably, a serious drop in
discharge capacities was observed at a thickness of 10 ym. The
detailed discharge profiles of the cells are provided in the
Supporting Information, Figure S3. These results demonstrate
that the TPY-CNF top layer, because of its relatively less-
developed porous structure, acts as a resistive layer to ionic
conduction; they also demonstrate that the excessively large
thickness of the top layer causes cell polarization, eventually
deteriorating the discharge capacities, particularly at high
current densities. One noteworthy finding is that the c-mat
separator with the TPY-CNF top layer (thickness = 1 pm)
delivered higher discharge capacities than the PP/PE/PP
separator over a wide range of current densities, demonstrating
that finely tuning the thickness of the nanoporous TPY-CNF
top layer, in association with the integrated macroporous PVP/
PAN support layer (acting as an ionic highway), allows fast/
facile ion transport while simultaneously preventing the leakage
current between the electrodes. In other words, under the
condition that leakage current of cells is strictly suppressed, the
thinner top layer is beneficial for achieving the faster ion
transport, eventually leading to the superior cell performance.
Future works will be devoted to fine-tuning porous structure of
the top and support layers by material/process control, which is
expected to allow additional decrease in the thickness of the top
layer. Schematics depicting the effects of the porous structure of
the separators on the leakage current and on the ion transport
between the electrodes are presented in Figure 3.

In addition to the aforementioned structural uniqueness,
another salient feature of the c-mat separator is the chemical
functionalities achieved by TPY-CNFs (in the top layer) and
PVP (in the support layer). We theoretically investigated the
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Figure 4. Mn?* ion binding capability of TPY-CNF. B3LYP/6-31G(d,p)-optimized geometries of (a) Mn>**(PP;), (b) Mn**(Glc), and (c)
Mn**(TPY) complexes with the relative binding energies from DFT calculations at B3LYP/6-311+G(2d,2p) level, including BSSE corrections.
Equilibrium morphologies after a 400 ns MD simulation at 333 K and normalized z-axis position probability of Mn** ions for the last 100 ns on the
surface of (d) PP, (e) cellulose, and (f) TPY-cellulose. Violet beads represent the Mn** ions, and the ethylene carbonate solvent is shown as a
transparent surface for clarity. Deconvoluted high-resolution Mn 2p XPS spectra of (g) MnCl, (h) PP/PE/PP, CNF, and (i) TPY-CNF with Mn®*

ions.

metal ion (here, Mn?* ion) chelation of TPY-CNFs by
performing DFT calculations. As a control, a plain PP separator
was chosen. Considering the possible binding sites of Mn**
ions, the PP, CNF, and TPY were simplified to trimers of PP
(PP;), a-p-glucose (Glc), and TPY molecules, respectively. The
optimized geometries and binding energies of the Mn>"
complex were calculated at the B3LYP/6-311+G(2d,2p)//
B3LYP/6-31G(d,p) level with BSSE corrections using the
Gaussian 09 program.”’

On the basis of the binding energy of the Mn**(PPs)
complex, Figure 4a—c shows that Mn**(Glc) and Mn**(TPY)
complexes have large differences in their binding energies,
which are 31.69 kcal mol™ and 130.80 kcal mol ™, respectively.
Whereas the Mn—H interaction is dominant in the Mn>*(PP;)
complex, the optimized geometry of the Mn>*(Glc) complex
indicates a relatively strong interaction between the Mn** ion
and the lone-pair electrons in the hydroxyl oxygen atom. In
particular, the high binding energy of the Mn**(TPY) complex
results from the electrostatic interactions and charge transfer
between the Mn®" ion and the pyridine groups in TPY with the
coordinated structure.

The binding stability of the Mn>" ions on the model surfaces
of PP, CNFs, and TPY-CNFs was also investigated using MD
simulations. The calculations were performed using the
AMBER 14 software;® the detailed procedure is described in
the Supporting Information. The Mn*" ions were initially
positioned at each model surface on the basis of the geometries
determined from the DFT calculations. In the isothermal-
isobaric (NPT) simulations of 400 ns at 333 K, the z-axis
position of the Mn”* ions was tracked during the last 100 ns.
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As shown in Figure 4d, the Mn?** ions were located in the
region of the ethylene carbonate (EC) solvent while being
detached from the PP surface. The probability of the z-axis
position shows that Mn>* ions could move freely in the EC
solvent, representing the absence of specific interactions
between the Mn®' ions and the PP surface. By contrast, the
nanocellulose surface still held a Mn*" ion by the hydroxyl
groups of the glucose unit after 400 ns (Figure 4e). The high
probability around the CNF surface demonstrates that Mn**
ions have relatively strong interactions with the CNF surface
compared with that of PP. As expected, the terpyridine groups
in the TPY-CNFs maintained their coordination structure with
the Mn?" ions during the MD simulation (Figure 4f) because of
the high interaction energy between them. As a result, the
probability of the z-axis position of the Mn*" ions is obviously
concentrated at the surface of the TPY-CNFs.

On the basis of the aforementioned simulation results, the
Mn>* ion binding capability of the TPY-CNFs was
experimentally verified. The TPY-CNFs, along with the PP/
PE/PP separator and the pristine CNFs, were soaked in 1 M
MnCl, solution, and the change in their XPS Mn 2p spectra
was analyzed (Figure 4g—i). The TPY-CNFs showed the
appearance of Mn 2p peaks, whereas no appreciable Mn 2p
peaks were observed at the PP/PE/PP separator or the pristine
CNFs. Furthermore, the deconvoluted peaks of the TPY-CNFs
shifted downward from 654.1 (Mn 2P,,), 645.8 (MnO
satellite), and 642.1 eV (Mn 2P;,,) to 653.4, 644.7, and
641.1 eV, respectively, verifying metal—ligand coordination via
the electron-donating of the TPY ligands. The aforementioned
theoretical (by DFT calculations and MD simulations) and
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PVP/PAN side of the c-mat separator after 100 cycles at 60 °C.

experimental (by XPS spectra) analyses together demonstrate
the exceptional functionality of the TPY-CNF in Mn>*
chelation, which is therefore anticipated to play a viable role
as a chemically active component of the c-mat battery
separator.

The pyrrolidone rings of PVP, enabled by their Lewis
basicity, are known to effectively scavenge HF dissolved in the
electrolyte solution.”” However, the bare PVP mat (without a
PAN component) was chemically vulnerable to the electrolyte
solution, resulting in the loss of its dimensional stability
(Supporting Information, Figure S4a). This problem with PVP
was resolved by exploiting a polymer blending strategy in which
PAN was mixed with PVP. At the composition ratio of 50:50
(w/w), the resultant PVP/PAN mats maintained their
dimensional integrity in the electrolyte solution (Supporting
Information, $4b). As a supplementary experiment to identify
the HF-scavenging capability, the PVP/PAN mat was soaked
for 24 h in an electrolyte solution (1 M LiPF4 in EC/diethyl
carbonate (DEC) = 1/1 (v/v)) containing 100 ppm of HF, and
the change in its XPS spectra was monitored (Supporting
Information, Figure S5). The characteristic N 1s peak assigned
to the nitrogen of pyrrolidone shifted upward, and a new peak
appeared at approximately 400.5 eV, indicating the possible
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formation of new N—H bonds between pyrrolidone and HF. In
comparison, no appreciable change in the N 1s peak was
observed for the electrolyte-soaked PAN mat. These results
demonstrate the important role of PVP in chemically
scavenging HF.

Prior to exploring the electrochemical performance of the c-
mat separator for use in lithium-ion batteries, we characterized
its basic membrane properties. The c-mat separator exhibited a
higher ion conductivity than the PP/PE/PP separator, which
was further confirmed by comparison of their air permeability
(represented by the Gurley value) and their porosity
(Supporting Information, Table S1). These results demonstrate
the c-mat separator’s superior ionic flux stemming from its
unusual hierarchical/asymmetric porous structure. The linear
sweep voltammetry (LSV) results showed that the c-mat
separator was electrochemically stable to 4.5 V (vs Li/Li*),
comparable to the stability of the PP/PE/PP separator
(Supporting Information, Figure S6a). The c-mat separator,
as a consequence of its polar components and well-developed
porous structure, exhibited a higher electrolyte-immersion
height (i.e., better electrolyte wettability) than the PP/PE/PP
separator (Supporting Information, Figure S6b). This superior
wettability was further underscored by examining charge/
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discharge profiles of cells containing extremely polar electrolyte
(here, 1 M LiPF4 in EC/PC = 1:1 (v/v)) was chosen as a
representative electrolyte). The cell (LMO cathode/separator/
Li,TisO;, anode) assembled with the c-mat separator showed
the normal charge/discharge behavior and the stable cycling
performance, whereas the cell with the PP/PE/PP separator
was unable to be electrochemically activated (Supporting
Information, Figure S6¢c). No thermal shrinkage was observed
in the c-mat separator upon exposure to 150 °C/0.5 h
(Supporting Information, Figure S6d), demonstrating its
excellent thermal tolerance compared to that of the PP/PE/
PP separator.

To investigate the effects of the c-mat separator on cell
performance, a pouch-type cell (width X length = 30 X 40
mm?) was assembled with a LMO cathode and a Li metal
anode, in which the TPY-CNF top layer was in contact with the
LMO cathode while the PVP/PAN support layer faced the Li
metal anode. The c-mat separator, because of its faster ion
transport rate (Supporting Information, Table S1), exhibited a
higher discharge capacity than the PP/PE/PP separator over a
wide range of discharge current densities (ranging from 0.2 to
5.0 C), which became more noticeable at higher discharge
current densities (Supporting Information, Figure S7a). To
further highlight the advantageous effect of the c-mat separator,
electrochemical performance of a full cell (comprising LiCoO,
(LCO) cathode and natural graphite anode) was examined.
The full cell was assembled by sandwiching a separator between
LCO cathode (LCO/carbon black/PVdF binder = 95:2:3 (w/
w/w)) and natural graphite anode (natural graphite/carbon
black/PVdF binder = 90:2:8 (w/w/w)) and then activated by
filling the liquid electrolyte. The cells were charged at a
constant current density of 0.2 C and were discharged at
various current densities (0.2—5.0 C) under a voltage range of
3.0—4.2 V. Similar to the result (Supporting Information,
Figure S7a) obtained with the half cells, the c-mat separator
showed the better discharge C-rate capability than the PP/PE/
PP separator (Supporting Information, Figure S7b).

The cycling performance of cells was examined, and the cells
were cycled between 3.0 and 4.3 V at a charge/discharge
current density of 1.0C/1.0C. At room temperature, the c-mat
separator exhibited a cycling performance superior to that of
the PP/PE/PP separator (Supporting Information, Figure S7c).
This advantageous effect of the c-mat separator was more
pronounced during the high-temperature (60 °C) cycling test.
The cell incorporating the c-mat separator delivered stable
charge/discharge profiles for 100 cycles (Figure Sa). By
comparison, the cell with the PP/PE/PP separator showed a
sharp decay in the capacity and large cell polarization after 100
cycles (see the inset of Figure Sa), which were mainly attributed
to undesirable Mn®* dissolution from the LMO active materials
at high temperatures, as previously reported.'®***" The
capacity retention after 100 cycles was estimated to be
approximately 80% for the c-mat separator compared to 5%
for the PP/PE/PP separator (Figure Sb). This superior capacity
retention of the c-mat separator was confirmed through analysis
of the variation in the AC impedance spectra of cells before/
after 100 cycles (Figure Sc and Supporting Information, Figure
S8a). The c-mat separator was better able to suppress the
growth of cell impedance after 100 cycles (Zy. (100th cycle) —
Zre (Ist cycle) = AZy, ~ 17 Q) compared with the PE
separator (AZg, &~ 175 Q). A proper equivalent circuit model
was also presented to further analyze the cell impedance spectra
in terms of the bulk resistance (R,), SEI resistance (Ry), and
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charge transfer resistance (R.) (Supporting Information, Figure
S8b).”> Notably, the c-mat separator exhibited a more
substantial decrease in charge transfer resistance compared to
that of the PP/PE/PP separator, verifying the Mn*" chelation-
enabled stabilization of the electrode/electrolyte interface. In
addition, the long-term structural stability of the c-mat
separator after the cycling test (100 cycles) was examined.
Neither morphological disruptions nor structural defects were
observed at the TPY-CNF top layer and also the PVP/PAN
support layer of the c-mat separator (Supporting Information,
Figure S9).

Meanwhile, a supplementary experiment was conducted to
investigate the effect of separator position on cell performance.
In one cell (named as cell I), the TPY-CNF top layer was in
contact with the LMO cathode. The other cell (cell IT) had the
opposite configuration (ie, the TPY-CNF top layer was
positioned toward the Li metal anode). Intriguingly, cell I
showed the superior cycling performance compared to cell II
(Supporting Information, Figure S10). This result demon-
strates that the Mn*" chelation enabled by the TPY-CNF top
layer is more effective when the top layer is in close contact
with the LMO cathode.

To highlight the unusual chemical functionalities (i.e., Mn**
chelation by TPY-CNF and HF capture by PVP) of the c-mat
separator, we fabricated a control separator comprising a TPY-
CNF top layer and an electrospun PAN support layer (without
PVP) and compared its cycling performance with that of the c-
mat separator (Figure Sb). The control separator showed
significant improvement in retaining the capacity during cycling
compared to the PP/PE/PP separator, indicating that TPY is
effective in chelating the Mn>" ions dissolved from the LMO
active materials. A notable finding is that the c-mat separator
exhibited cycling performance superior to that of the control
separator. This result indicates that the introduction of PVP
into the support layer also contributed to the improvement in
the high-temperature cycling performance, underlying the
exceptional synergistic coupling of TPY and PVP as chemically
active components.

The excellent high-temperature cycling performance of the c-
mat separator was examined in detail, with particular attention
to its Mn?*-chelating and HF-scavenging capability. After the
cycling test (100 cycles) at 60 °C, the cells were disassembled,
and their major components, including the lithium metal
anodes and separators, were characterized. The amount of
Mn** ions captured by the separators was quantitatively
analyzed by ICP-MS technique. Figure Sd shows that the c-
mat separator more effectively chelated Mn** ions than the PP/
PE/PP separator (amount of captured Mn*" ions = 1915 ppm
for the c-mat separator vs. 42 ppm for the PP/PE/PP
separator). Furthermore, the deposition of metallic Mn on
lithium metal anodes was remarkably alleviated by the c-mat
separator (amount of deposited metallic Mn = 23 ppm for the
c-mat separator vs 160 ppm for the PP/PE/PP separator). In
addition to the ICP-MS measurement, the chemical changes of
the separator surface were investigated through analysis of the
FT-IR spectra (Figure Se,f). The characteristic peaks assigned
to the Mn—N stretching vibrations®>** (553 and 851 cm™ for
TPY-CNF side, Figure Se) newly appeared in the spectrum of
the c-mat separator. Moreover, the peaks corresponding to C=
O/C—N groups™ (1661 cm™'/1285 cm™, respectively, for the
PVP/PAN side, Figure 5f) decreased in intensity after the
cycling test. The aforementioned ICP-MS and FT-IR results
confirm that the TPY (for Mn*" chelation) and the PVP (for
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HF capture) of the c-mat separator exhibit synergistically
coupled chemical functionalities that improve its high-temper-
ature cycling performance.

In summary, we demonstrated the heterolayered nanomat-
based hierarchical/asymmetric porous membranes with synerg-
istically coupled chemical functionalities (referred to as c-mat
separators) as a nanocellulose-mediated green material
approach to develop smart battery separators beyond the
current state-of-the-art counterparts. The c-mat separator
consisted of a thin nanoporous TPY-CNF mat as the top
layer and a thick macroporous electrospun PVP/PAN mat as
the support layer. The unusual porous structure of the c-mat
separator was rationally designed considering the trade-off
between leakage current and ion transport rate, eventually
contributing to the higher discharge rate capability without
suffering a drop in the OCV. The TPY molecules were
conjugated with TEMPO-oxidized CNFs mediated by EDC
chemistry. Notably, their Mn**-chelating capability was also
theoretically supported using DFT calculations/MD simula-
tions; the results of these calculations/simulations were
consistent with the experimental results. Meanwhile, the PVP
in the PVP/PAN support layer served as an HF scavenger. The
TPY and PVP, as the chemically active components of the c-
mat separator, exhibited synergistic coupling in mitigating the
Mn?**-induced adverse effects, thereby enabling a remarkable
improvement in the high-temperature (60 °C) cycling
performance (capacity retention ~80% after 100 cycles) far
beyond that attainable with conventional membrane technol-
ogies (5% for commercial PP/PE/PP separator). We envision
that the c-mat separator, benefiting from its structural
uniqueness and chemical functionalities, will open a new path
for the development of high-performance smart separator
membranes for potential use in next-generation power sources
and in permselective membrane filtration systems for high mass
flux/removal of heavy-metal ions.
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