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Abstract

Energy storage is an integral part of life. Living creatures have developed a distributed and
structural energy storage system to survive under various and sometimes extreme conditions.
Similarly, energy storage is critical for today's modern life to power from small biomedical
instruments to large aircraft. There are still several challenges against efficient and safe energy
storage utilization due to the mechanical, chemical, and physical limitations of existing materials.
Inspired by biological structures, we present multifunctional nanocomposites from aramid
nanofibers (ANF), a Kevlar's nanoscale version, to address the safety and efficiency of various
battery chemistries and enable structural energy storage to increase energy density. High
mechanical properties of ANF suppress dendrite formation, and tunability with different
copolymers and fabrication methods allow ANF-based nanocomposites to meet specific needs of
different battery chemistries.

In the first part of this thesis, we engineered biomimetic solid electrolyte from ANF and
polyethylene oxide for zinc batteries inspired by the cartilage structure. These strong
nanocomposites can block stiff zinc dendrite formation and prevent short circuits over cycles.
Resilience to plastic deformation and damage while having no leaking fluids or cracks is essential
for the safety of, for instance, electrical vehicles employing such batteries. These load-bearing
batteries can be used as a structural component and increase energy density by simply avoiding
inactive parts. As a proof of concept, we utilized this battery on a commercial drone as an auxiliary

energy storage unit to extend flight endurance by about 20%.
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In the second part of the thesis, we address a specific polysulfide shuttle problem in lithium-
sulfur batteries utilizing bioinspired ANF nanocomposites. Mimicking ion channels on the cell
membrane, we engineered biomimetic nanochannels (1nm diameter) for selectively allowing
lithium-ion passage while physically blocking lithium polysulfide species (>2nm) on the cathode
side. Selective ion transport through nanochannels is also modeled by finite element analysis,
COMSOL. These ion channels allow us to reach >3500 cycles.

In addition to previous solid and liquid electrolyte systems, here in the last part of the thesis,
we present a tunable quasi-solid polymer electrolyte to take advantage of both electrolyte features
while minimizing their individual risks and drawbacks. Similar to the kidney filtration system,
specifically the glomerular basement membrane, this gel electrolyte filters ions depending on their
size and charge. Selective permeability and regulated ion transport provide safe and stable
charge/discharge cycles. High mechanical properties keep functionality under extreme conditions,
including high temperature and nail penetration. To show practical utilization of our structural
batteries, we integrated pouch cells in various prototypes, including health monitoring devices,
robotic prosthetics, and electric vehicles.

Taken together, mimicking structural and functional properties of multifunctional
biological materials, i.e., cartilage, we present a novel multifunctional nanocomposite system that

can be tailored to the specific needs of numerous structural energy storage applications.
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Chapter 1

Introduction

1.1 Structural Energy Storage

Living organisms broadly use load-bearing organs for more than one function. For
instance, bones serve our body not only in their structural capacity but also for blood regeneration.
The carapaces of crustaceans serve as their armor against predators and as brood chambers. While
the notion of multifunctional biomimetic machines has been around since the drawings of
Leonardo Da Vinci, the practical realization of many multifunctional load-bearing parts has only
recently become feasible. Versatile manufacturing technologies with unprecedented nanoscale
accuracy, harnessing nanoparticle self-assembly phenomena for industrial production, and
biomimetic materials with previously unknown combinations of properties have emerged over the
last two decades to open the possibility of adding new functions to load-bearing parts.
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Figure 1.1: Development of the rechargeable battery market size over time (Retrieved and modified from [1] ).



With the increasing demand for rechargeable batteries (Figure 1.1), structural batteries are
known to effectively reduce the total system weight [2], [3] regardless of the device size: from
wearable electronics [4] to EVs [5] and airplanes [6]-[11]. For example, combining energy storage
and load-bearing functions can reduce the total weight of an ideal EV by about 350 kg [6]-[11].
Energy storage integrated with protective and load-bearing parts is also essential for satellites of all
dimensions and functions[9]-[11].However, structural batteries are not a part of the current
technological landscape because of a fundamental conflict between load bearing and charge
transport functions. These functions are contrarian to each other at the basic physicochemical level
[3]. The simultaneous attainment of high ionic conductivity and high stiffness [12], [13] lead to
opposite structural requirements to materials. The same is true for high mechanical strength and
high ion intercalation capacity [14] an equally important pair of properties for structural batteries.
This clash can be broadly described as the load-bearing functionality requiring strong chemical
bonds and dense, robust materials. In contrast, charge transport and storage require weak chemical

bonds and porous, deformable materials.

The car’s body panels serve as a battery

— The latest nanomaterials made of extremely
— > thin and strong carbon fibre replace the car's
= steel body panels and can be used in the car's
roof, doors, bonnet and floor. These panels
also double up as the car's battery.

Expected range is
130 km when the
doors, roof and bonnet
are replaced.

The car's weight can be redu-
ced by 15 percent. There is
potential for cutting weight still
further.

Electrons (-)
The body panels
are discharged as
the car's electric
motor is used.

lons (+) g

The material can be recharged by
1) hamessing the energy generated when the car brakes
2) plugging into the mains electricity grid =

Figure 1.2: Schematic of a structural battery prototype by Volvo (Modified from [5]).



Out-of-box ideas are required to engineer novel multifunctional nanocomposites with such
contrarian material properties (high ionic conductivity and mechanical strength) for the realization
of safe and high-capacity structural batteries. Structural components around a battery in UAVs can
weigh up to two times more than the battery itself and concomitantly limit the range and efficiency
of the UAV [15]. On the other hand, decreasing the weight of a piloted aircraft by 1 kg saves 30
tons of fuel in a year[16]. Hence, a combination of energy storage and load-bearing functions is the
critical parameter determining the duration and range of such devices or vehicles (Figure 1.2).
Structural batteries have a great potential to address the energy storage challenges of portable

devices and electric vehicles [17]-[19].

1.2 Aramid Nanofibers for lon Conducting Nanocomposites

Aramid nanofiber (ANF) is one of the strocngest flexible polymeric nanofibers with
diameters between 3 and 30nm and up to 10um in length [20], [21](Figure 1.3 a-e). Aramid
Nanofibers are made from Kevlar™ threads by controlled dispersion in dimethylsulfoxide (DMSO)
and KOH [20]. Kevlar™ is an accepted ultra-strong para-aramid synthetic macroscale fiber with a
high tensile strength to weight ratio[22], [23]. Kevlar threads and yarns are made from PPTA
(poly(paraphenylene terephthalamide)) (Figure 1.3 f) that are exceptionally strong and stiff with a

tensile strength of 3.6 GPa and modulus of ~90 GPa [24].



Figure 1.3: TEM images of ANFs in DMSO solution with various diameters (a,d), one bilayer of PDDA/ANF (e), (f)
The molecular structure of aramid. (Modified from [20]).

ANFs can be processed into films using layer-by-layer (LBL) assembly to make
composites from ANFs and poly(diallyldimethylammonium chloride) (PDDA) [20] or
poly(ethyleneoxide) (PEO)[25]. In order to improve ionic conductive properties of ANF films,
PEO was used as a solid ion-conducting media in LBL assembly[26]. Composite films made by
LBL assembly have strong mechanical properties [20], [27]. Pure ANF and ANF composite
membranes can also be fabricated by utilizing vacuum-assisted filtration (VAF)[28] and spin
coating [29] methods. Another example of polymeric nanofiber dispersion is cellulose [30]. These
nanofibers also exist in diameters of 3-30nm[31]. However, their rigid structure, low aspect ratio,
molecular rigidity, and sensitivity to humidity limit their broader applications [32]-[34].
Mechanical properties of LBL structures from ANF are higher than cellulose nanofibers and

carbon nanotubes [35], [36].
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Figure 1.4: Properties of ANF membranes and the classifications of ANF-based separators for LIBs. (Retrieved from

[37]).

Thin-film polymers are also used in battery assemblies as ion transporting separators to
increase capacity and suppress dendrite formation between electrodes[25]. These films are
required to have high ionic conductivity, high stiffness, and flexibility to produce durable, safe,
and highly efficient batteries. They also need to be selectively permeable to ion transportation.
Selective permeability of separators plays a crucial role in battery applications, especially for
addressing the polysulfide shuttle problem in lithium-sulfur batteries. Also, any possible leakage
between electrodes can cause short circuits and fires[38], [39]. Therefore, providing a strong ion
conductive separator is vital for increasing the safety and efficiency of the battery. In addition to
ANF composites, pure ANF [28], ANF coated [40] separators have also been reported due to
ANF's high mechanical and thermal stabilities and substantial electrochemical properties (Figure

1.4) [37].



1.3 Bioinspired ANF Nanocomposites for Addressing Structural Energy Storage Challenges

Multifunctional natural nanocomposites inspire researchers to engineer abiotic replicas
with similar structures and functions. Similarly, the challenging combination of high mechanical
properties and high ion transport properties can be possible by mimicking natural blueprints,
supporting tissues. Properties of these issues have been optimized over the years and presented by
articular cartilage (Figure 1.5A), basement membrane (Figure 1.5B). These tissues have a
fundamental structural motif represented by a porous three-dimensional (3D) network of stiff
nanoscale fibers with 20-100 nm pores (Figure 1.5C). Abiotic replicas of such networks (Figure
1.5D) have been made from branched aramid nanofibers (BANFs) that retain the outstanding
mechanical properties of their precursor - the iconic ultra-strong material Kevlar™. Similar to
their biological prototypes, BANFs can be self-assembled from individual fibers, and their

manufacture is scalable.
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Figure 1.5: Schematic of Knee Articular Cartilage Structure (Retrieved from [41]). (B) Schematic representation of
different functions of the BM. The BM provides mechanical support to cells (left), regulates the selective passage of
cells and/or macromolecules (center), and acts as a signaling hub by concentrating various proteins (right).
(Retrieved from [42]. Scanning electron microscopy (SEM) images of (C) cartilage (courtesy of Dr. Nipun Chadha,
Department of Biomedical Engineering, U. Rochester) and (D) 3D fibrous network from aramid nanofibers used in
(inset) (Modified from [43]).

1.4 Graph Theory Description of Biomimetic ANF Network

The mechanical and ion transport properties of bioinspired nanocomposites can be
rationalized by applying a graph theory (GT) description of the ANF network architecture (Figure
1.6). Continuous aramid fibers are denoted as edges, and intersections are represented as nodes in
this 2-Dimensional GT representation[44]. GT helped us engineer a new type of ion conductor
where ANFs were combined with a soft ion-transporting component: quaternary ammonium
functionalized polyvinyl alcohol (QUPA) to selectively conduct hydroxide (OH") anions essential
to the Zn-air battery[45]. Remarkably, our biomorphic batteries provide 72 times greater capacity

and longer operating time than a LIB with the same volume.



Figure 1.6: Graph theoretical description of nanofiber composites. The left and right columns display SEM images
of the ANF composite surface, its GT representation obtained from StructuralGT. ANF aerogel membrane was
prepared with different concentrations of ANF dispersion (A) 0.5, (B) 1.0, (C) 1.5, and (D) 2.0 wt %. (Retrieved from

[45])
1.5 Translational Potential

Similar to other portable electric devices and vehicles; weight, limited energy density and
safety are also challenges for the design and operation of mobile biomedical devices. Structural
energy storage applications have the potential to increase the energy density of various biomedical
devices, including but not limited to small health monitoring devices[46], implantables[47], and
robotic legs [48], [49] (Figure 1.7). Therefore, these devices can be potentially smaller for less

invasive applications and operate longer with utilization of multifunctional materials.



Figure 1.7: Structural components of battery-operated robotic prosthetic legs (Retrieved and modified from [48],

[49])

In summary, narrow pore size, negative surface charge, unique mechanical and thermal
properties collectively lead the bioinspired ANF-based separator to the promising electrochemical

performances in various battery chemistries, including but not limited to zinc and lithium-sulfur.

1.6 Research Goals

The overarching goal of the research presented in this dissertation is to survey the potential
use of bioinspired aramid nanofiber composites for efficient structural energy storage applications.
Within this, our specific goals are:

1- Inspired by a cartilage structure and function, develop a solid-state polymer electrolyte
from ANF, PEO and ZnTF to address dendrite and cyclability issues of Zinc batteries to
enable plastically deformable structural batteries.

2- Similarly, inspired by ion channels, engineer a nanoporous membrane by ANF, PDDA
Layer by Layer assembly to address dendrite formation and lithium polysulfide passage

problems in Lithium-Sulfur Batteries.



3- Mimicking structure and function of basal membrane, develop a quasi-solid electrolyte
from ANF, PVA, and LiTFSI to address safety and performance issues of Lithium-Sulfur

Batteries.
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Chapter 2

Biomimetic Solid-State Zn?* Electrolyte for Corrugated Structural Batteries

2.1 Abstract

Batteries based on divalent metals, such as Zn/Zn*? pair, represent attractive alternatives
to lithium-ion chemistry due to their high safety, reliability, earth-abundance and energy density.
However, archetypal Zn batteries are bulky, inflexible, non-rechargeable, and contain a corrosive
electrolyte. Suppression of the anodic growth of Zn dendrites is essential for resolution of these
problems. However, materials with mechanical properties allowing them to withstand mechanical
deformation from stiff Zn dendrites and transport Zn?* ions, are virtually unknown. Here we show
that it is possible to engineer a solid Zn?* electrolyte as a composite of branched aramid nanofibers
(BANFs) and poly(ethyleneoxide) by using the nanoscale organization of articular cartilage as a
blueprint for its design. The high stiffness of the BANF network combined with the high ionic
conductivity of soft poly(ethyleneoxide) enable effective suppression of dendrites and fast Zn?*
transport. The cartilage-inspired composite displays the ionic conductance 10x higher than the
original polymer. The batteries constructed using the nanocomposite electrolyte are rechargeable
and have Coulombic efficiency of 96%-100% after 50-100 charge-discharge cycles. Furthermore,
the biomimetic solid-state electrolyte enables the batteries to withstand not only elastic
deformation during bending but also plastic deformation. This capability makes them resilient to
different type of damage and enables shape modification of assembled battery to improve the

ability of the battery stack to carry structural load. The corrugated batteries can be integrated into
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body elements of unmanned aerial vehicles (UAVS) as auxiliary charge storage devices. This
functionality was demonstrated by replacing the covers of several small drones with pouch-like
Zn/BANF/MnO: cells, resulting in the extension of the total flight time. These findings open a
pathway to design and utilization of corrugated structural batteries in the future transportation

industry and other fields of use.

2.2 Introduction

Batteries based on Zn and other divalent metals [50] attract renewed attention because of
their greater safety, reliability, and natural availability compared to lithium. Having theoretical
energy densities similar to those of lithium-ion batteries, [51], [52] they are attractive as energy
storage solutions for many applications. However, the iconic alkaline batteries with Zn anode, a
MnO> cathode and concentrated KOH (6 mol/L) as electrolyte are bulky and non-rechargeable.
These batteries can leak corrosive fluid and have energy densities 7-10 times lower than Li-ion
batteries.*° Early studies on rechargeable Zn/MnO; [53]-[57] batteries showed severe capacity
fade due to the formation of byproducts,[58] irreversible cathode chemistry in alkaline media,[58],
[59] and the growth of dendrites. [60], [61] The dendrite growth has the largest impact on energy
density and cyclability for all Zn batteries, as Zn dendrites (Young’s modulus E = 108 GPa)[62]
can easily traverse the inter-electrode space piercing existing plastic separators (Figure 2.1, A to
B). Liquid organic Zn?* electrolytes make metal deposition on the anode more uniform and
improve the reversibility of cathode chemistry, [63]-[68] however, the problem of dendrite growth
persists [69], [70] and a new problem of flammability emerges. Recently, rechargeable batteries
were constructed using three-dimensional (3D) electrodes [71], [72] in the form of Zn sponges,
[73] Zn-on-Ni foams, [68] or carbon cloths [74] in order to alleviate the problem of anode-to-

cathode bridging by dendrites. While demonstrating impressive cyclability, the 3D electrodes
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increase the bulk of the anode and make them prone to mechanical damage, while increasing the
likelihood of leakage of the liquid electrolyte. Solid electrolytes [25], [75], [76] with Young’s
moduli comparable to those of the Zn dendrites have the potential to eliminate these problems,
even if quasi-solid separators based on gels and porous polymers [68], [74], [77]-[80] cannot.
However, organic or inorganic solids with efficient ion transport of divalent ions are little-known,
especially when compared with the wealth of knowledge regarding polymers, composites, and

glasses for transport of lithium ions. [81], [82]

Figure 2.1: (A) SEM image of zinc dendrites penetrating through a CelgardTM 2400 separator. (B) SEM images of
the tip of a zinc dendrite. (C and D) SEM images of BANFs. (E) SEM image of the cross-section, and (F) photograph
of the free-standing PZB-931 composite electrolyte.

Building on the concepts of biology-inspired design of battery components[25], [83]-[89]
investigated for Li chemistries, we report herein the development of a solid-state electrolyte for
Zn?* based on branched aramid nanofibers (BANFs) that replicates the fibrous structure of articular

cartilage, which is known for combining efficient mass transport with high mechanical
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properties.[43], [90]-[92] The resulting composite combines excellent ionic conductivity of Zn?*
with a high tensile modulus. The replacement of the traditional alkaline electrolyte with a BANF
composite drastically changes the mechanism of ion transport, electrode processes including the
dendrite growth and results into a flexible, rechargeable battery with cyclability of >100 cycles
and >90% charge retention. Importantly, the cartilage-like BANF-based electrolyte imparts these
thin film batteries with the ability to withstand not only elastic deformations during extreme
bending and other but also plastic deformation during stamping without the loss of capacity or
voltage. This unusual combination of properties with the charge storage parameters comparable
to those of lithium thin film batteries (Table 1 and Table 2)[93]-[95] opens to path to lightweight
high-capacity batteries with higher load-bearing capabilities and better safety profile than
structural batteries with lithium ion chemistry.[96]-[98] A large variety of corrugated shapes
adaptable to specific load-bearing conditions including unmanned aerial vehicles (UAVS) is

anticipated.

2.3 Results and Discussion

Aramid nanofibers used in this study were made from Kevlar™ microfibers by high-energy
agitation in DMSO (see Methods). These fibers serve as the high-strength components of the
composite electrolyte [20] and mimic the stiff collagen nanofibers of cartilage. The BANFs have
a branching geometry with approximately five to six fork-points in each fiber (Figure 2.1, C and
D). The principle ‘stems’ has an average diameter of 200-300 nm while the branches have
diameters of 50-100 nm. Multi-point bifurcation of these filaments facilitates the formation of a
fibrous 3D network with a large volume fraction of nanoscale pores necessary for ion transport.
Similarly to the structure of soft tissues, the efficient entanglement of nanoscale branches lends

high stiffness to the material on both macro- and nanoscales needed for the prevention of dendrite
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growth.[25], [99], [100] Besides branching, the aromaticity and amphiphilicity of BANFs offers a
wider range of charge transporting media than hydrophilic 3D networks including solid-state ion-
conducting polymers compared to 3D networks observed for nanocellulose, [78], [79], [101], [102]
alginate [87] and peptides.[103] High toughness characteristic of all 3D nanofiber networks

engenders resilience to extreme deformations.[43]

Poly(ethyleneoxide) (PEO, MW = 300,000 Da) and Zn(CF3S0s3)2 serve as ion-transport
components of the non-corrosive solid electrolyte; these components can be compared to the soft
proteoglycan portion of natural cartilage. The composition of the PEO : Zn(CF3S0s)2 : BANFs
(PZB) mixture was optimized with respect to Zn?* conductivity and mechanical properties. High
weight ratios of Zn(CFsS0Os)2 cause both the increase of ionic conductivity, ¢, and decrease of
tensile moduli, E, vividly illustrating the contrarian nature of materials design requirements for
fast transport and high mechanical properties. Based on the experimental 6 — E dependence (Figure
S 1), the optimal PZB weight ratio was selected to be 9:3:1. This composite is denoted as PZB-
931 and this notation will be used throughout this study. PZB-931 combines high ionic
conductivity for Zn?* (6 = 2.5 x 107 S/cm, room temperature 22°C) (Figure S 1), high tensile
strength (o = 58+2.9 MPa) and a high Young’s modulus (E =210 £ 11 MPa). Compared to PEO
(E = 3.3£0.2 MPa), it shows a 64-fold higher Young’s modulus. compared with composite films
based on aligned cellulose fibers and CNTSs,[35], [104], [105] the tensile modulus of PZB-931 is
seven times higher (Figure S 2 and Table 3). Improvements in E are essential for defeating the

dendrite growth. [25], [100]

The ionic conductivity for Zn?*, ¢, of neat PEO infused with Zn(CF3SOs)2 is § = 2.3 x 10~
® S/cm. Addition of BANF decreases of the volume fraction of PEO and thus might be expected

to reduce the ionic conductivity of the composite. However, the opposite effect is observed. The
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ionic conductivity for Zn?* increases 10x for BANF-PEO composites made here. Further increase
of o is observed, as expected, at higher temperatures (Figure S 9 and Table 4).

The high ionic conductivity in PZB-931 is ascribed to the amorphous state of the
polymer[25], [106], [107] integrated into BANF network of nanofibers. Based on the dependence
of 6vs BANF loading (Figure S 5), XRD (Figure S 6), FT-IR (Figure S 7) and DSC measurement
(Figure S 8), the crystallization of PEO is disrupted due to amphiphilicity of aramid surface and
entanglement with BANF network. The typical inter-filament distances in BANF networks is 50-
70 nm (Figure S 4), which are three orders of magnitude smaller than the size of the typical PEO
crystallites that is ~50,000 nm.[108], [109]

Also important that the inter-filament distances in the BANF network are 10-20 and 2-4
times smaller than the average diameters of stems (1-2 um) and growth points (~200 nm) of the
Zn dendrites (Figure 2.1B). The small pore size, high Young’s moduli of individual fibrils and
elimination of liquid electrolyte differentiate this material from previous concepts of ion-
transporting media for Zn?*.[63]-[65], [68], [74], [106], [110], [111] PZB-931 composite also
made possible preparation of electrolyte sheets with a thickness as thin as 10£0.50 um (Figure 2.1
E, Figure S 3, which is thinner than a typical separator in Zn or Li batteries (typically ranging
from 30 pum to 200 um) . [74], [79], [102], [112] These robust sheets are also thinner than ion-
conducting glasses in thin-film Li batteries (from 30 um to 1000 pm). [113]-[115] Reduction of
the thickness of the ion-transporting media while retaining sufficient overall stiffness, strength,
and toughness is highly desirable for all batteries because it increases the volumetric density and
reduces weight of the batteries.

MnO> was used as a cathode material, in part, because it highlights the transformative

effect of the solid electrolyte on the battery functionality and design. The reversibility of y-MnO2
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with respect to storage of Zn?* ions with PZB-931 as ion-transport media was established by cyclic
voltammetry (CV) scans (Figure 2.2 A, Equation 2), XPS (Figure S 10 and Figure S 11 ) and
XRD (Figure S 12) spectra obtained for the original, Zn-rich, and Zn-depleted states.

The cycling curves of the full battery cell Zn/PZB-931/y-MnO; (Figure S 13) revealed
discharge capacities of 146.2, 129.5, 106.7 and 89.2 mAgat 0.1, 0.2, 0.5 and 1.0 C (1C = 150
mAg?), respectively (Figure 2.2 B and D). The voltage initially drops at the beginning of the
discharge step due to the internal cell resistance. Specific capacity and Columbic efficiency of Zn
batteries with solid-state PZB electrolytes match those with liquid electrolytes (Figure S 14) and
substantially better than batteries with solid PEO electrolyte. After 50 cycles (Figure 2.2 C, E),
the battery with PZB-931 retains 96% of its highest achievable capacity that is 123.4 mAhg™.
Columbic efficiency exceeded that of 90% after 100 cycles (Figure 2.2 E). Coulombic efficiency
was found to be ~100% for the initial 50 cycles and 96% at the 100" cycle. The charge storage
performance of Zn/PZB-931/y-MnOz is competitive with many Zn batteries with liquid and gel

electrolytes (Table 5) and flexible Li ion batteries (Table 2).
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Figure 2.2 (A) CVs of Zn/PZB-931/y-MnO2 battery scanned at 0.1 mVs-1. In cathodic scans, a peak at 1.2 V is
attributed to the electrochemical intercalation of Zn2+ ions into y-MnOZ2. In anodic scans, a peak at 1.65 V is
attributed to extraction of Zn2+ ions. CV curves remain unchanged after five cycles, demonstrating nearly ideal
reversibility of the cathode material between Zn-rich and Zn-depleted states. (B and D) Galvanistatically charge and
discharge curves and rate capability of the Zn/PZB-931/y-MnO2 battery cycling within the voltage range of 1 V-1.8
V at current density from 0.1 C to 1.0 C (1 C = 150 mAg-1). (C) The voltage-time curve for the Zn/PZB-931/y-Mn0O2
battery discharge and charge at 0.2 C. (E) Cycling performance of the Zn/PZB-931/y-MnQO2 battery at 0.2 C.

The effective dendrite suppression by PZB-931 engenders rechargeability of the battery
and long cyclability performance.[69], [70], [116] To experimentally demonstrate dendrite

suppression by PZB-931, electrochemical processes in a symmetrical Zn/PZB-931/Zn cell were
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evaluated for charge-discharge cycles promoting dendrite growth (Figure 2.3A). The cell with a
neat PEO film (Figure 2.3B) showed voltage oscillations caused by the unstable
electrode/electrolyte interface due to mechanical detachment of the PEO film from the Zn under
pressure of dendrites. During cycling for 440 h, zinc dendrites pierced the separator, resulting in a
short-circuit. An identical cell with Celgard™ 2400 impregnated with an organic liquid electrolyte
based on Zn(CFsS0s)2 (Figure 2.3D) showed a steady decrease in its voltage, indicating the so-
called ‘soft shorting’ when dendrites are slowly penetrating ion-transporting membrane (Figure
2.1 B). Under the same conditions, the symmetrical cell with PZB-931 exhibited cycling stability
with negligible potential loss or fluctuation (Figure 2.3C). After cycling for as long as 2500 h, no
sign of cell failure was observed, indicating that the growth of Zn dendrites was effectively
suppressed. Despite electrochemical conditions promoting the dendrite growth, the scanning
electron microscopy (SEM) evaluation of the electrodes after 500 h of cycling showed pristine

zinc electrodes (Figure 2.3, E to H).
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Figure 2.3 (A) Configuration of the symmetrical Zn/electrolyte/Zn cell. (B to D) galvanostatic cycling curves of the
cells with different polymer film separators of (B) PEO film (with Zn(CF3SOs); salt), (C) PZB-931 film (with
Zn(CF3S0s); salt), and (D) Celgard™ 2400 separator (3 mol L™t Zn(CF3S0s), N-methyl pyrrolidone (NMP) solution)
at current densities of 0.2 mA cm2. The current direction was changed every 0.5 h. (E to H) SEM images of the zinc
electrode surface before and after 500 h of cycling under different electrochemical conditions, (E) original zinc foil
surface. (F) Zinc foil surface after cycled with PEO separator (neat, no Zn(CF3S0Os). ), (G) Zinc foil surface after
cycled with PZB-931 separator (neat, no Zn(CF3sS0Os), ), and (H) Zinc foil surface after cycled with Celgard™ 2400
separator with a liquid electrolyte, namely 3 mol L Zn(CF3SOs), NMP solution. Prior to SEM imaging, the zinc
electrode surface of Celgard™ 2400 film was thoroughly washed with NMP solution to remove any electrolytes or
salt residues. Scale bar 5 um.

The biomimetic composite PZB-931 enables the Zn batteries to become not only
rechargeable but also deformable. They were found to be capable of withstanding damage that
would be impossible for other batteries[75], [81], [114] (Figure 2.4A to H, Figure S 15 and Figure

S 16). While the elastic deformations have been extensively shown for different types of batteries
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before,[68], [74], [77]-[80] the ability to withstand plastic deformations while retaining the charge

storage functions was not.

Zn batteries with PZB-931 were corrugated by molds (Figure 2.4A) with different ‘teeth’
shaped as square (Figure 2.4B), half-sphere (Figure 2.4C), dot (Figure 2.4D), square wave
(Figure 2.4E), or round wave (Figure 2.4F). The battery voltage and capacity remained virtually
unchanged and its power showed no significant decay under a variety of deformation conditions
(Figure S 17) and corrugated states (Figure S 17 to Figure S 20). While plastic deformability has
obvious limits, the constancy of the EIS (Figure 2.4J, Figure S 20 and Figure S 21) and
galvanostatic charge and discharge (Figure 2.41) for the studied range of deformations is
remarkable. Furthermore, the battery was stabbed and cut in various places multiple times, and it
was still holding the voltage. Resilience to this kind of damage while having no leaking fluids or
cracks is crucial for safety of, for instance ground and aerial vehicles employing such batteries.
The multi-parameter comparison with other flexible batteries indicates that these batteries are
comparable or exceeding the corresponding parameters of other batteries based both on Li and Zn

chemistries (Table 1, Table 2, Table 5, Table 6).
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Figure 2.4 (A) Schematic of the mold used for plastic deformation studies. (B to F) Different plastically deformed
shapes of Zn battery with solid state biomimetic electrolyte PZB-931. (G) Open circuit voltage of Zn/PZB-931/y-Mn0O2
battery with square wave shape plastic deformation. (H) LED light powered by the two serial structural batteries. (I)
Galvanostatic charge and discharge curves of Zn/PZB-931/-Mn0O2 at 0.2 C for the corrugation batteries in B-F. (J)
Comparison of EIS curves for original and plastically deformed corrugation batteries in B-F. No change in EIS can
be observed even for high degree of plastic deformation as in (B) indicating high damage tolerance.

We furthermore tested the Zn/PZB-931/y-MnO2 pouch cells similar those in Figure 2.4 as
structural batteries for UAVs. Taking advantage of the plastic deformability of these devices we
shaped them to replace covers of UAVs enabling them to serve as auxiliary charge storage devices
supplementing main power source with lithium-ion chemistry. The lightness of the auxiliary
battery back afforded by the replacement of the liquid electrolyte with thin layers of dendrite

suppressing PZB-931 composite is essential for structural batteries in aerial vehicles. The
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versatility of our approach of utilization of structural batteries in UAVs was demonstrated for
several commercially available drones of different types and power requirements (Figure 2.5). In
all cases we observed successful take off with charge-storage covers. The structural Zn batteries
were connected to the power circuits of the drones as secondary energy sources enabling the
extension of the flight time. Given the battery characteristics from Figure 2.2, the flight time
extension was calculated to be between 5 and 27% depending on the mass of the drone ambient

temperature, flight patterns, and size of the batteries.

Figure 2.5 (4) Tested UAV without cover. (B, C, D) Three different designs of corrugated Zn/y-MnO2 battery pack
as a replacement for the original device cover to supplement main power source of UAVs. All modified drone models
with Zn/PZB-931/MnQO2 structural batteries installed were demonstrated to successfully take off even under low
ambient temperature.
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2.4 Conclusion

The cartilage-like nanofiber network design of pze composites results in a unique combination of
a fast ion transport and high mechanical properties. Hence, PZB and similar materials can serve
as solid electrolytes that support reasonable discharge rate combined with effective dendrite
suppression. [99], [100], [117] Their structural design offers a pathway towards the solid-state
electrolytes for other multi-valent ions, such as Mg?* or AI** needed for energy technologies. The
ability of the Zn batteries with PZB-931 electrolyte to plastically deform and remain functional
differentiates them from other promising charge storage devices, including electrochemical
capacitors and supercapacitors[118] that can withstand predominantly elastic deformations in
bending. [119] This unusual for charge storage devices property originates from (1) plasticity and
inflammability of Zn anodes and (2) re-configurability of the fibrous cartilage-like network. From
the practical standpoint, battery plasticity translates into marked increase of the battery safety and
impact resistance. Plastic deformability makes possible to stamp the batteries into a variety of
shapes including the ones that have complex convex-concave topography for load-bearing
applications leading to a large family of structural batteries. The lightness and deformability of
Zn/PZB-931/y-Mn0O2 cells enabled them to successfully serve as a load-bearing and charge
storage element in several commercial UAVs. These finding could guide future research in next

generation of distributed energy storage in transport and other applications of structural batteries.
2.5 Experimental Methods

2.5.1 Preparation of Branched Aramid Nanofibers (BANFs)

1 g of bulk Kevlar™ pulp from Dupont Co was dispersed in 500 mL of dimethylsulphoxide

(DMSO) (=99.9%, Sigma Aldrich) by stirring at room temperature in a FILMIX Model 56-L high
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speed thin-film mixer. After 2 h, the dispersion was collected and placed in a centrifuge to spin at
10000 rpm for 10 min. BANFs with diameter of about 200-300 nm appeared as a white solid in a
sediment. The nanofibers were washed with acetonitrile in a sequence of multiple centrifugation

steps to get rid of all DMSO.

2.5.2 Fabrication of Poly(ethylene oxide)-Zinc Trifluoromethanesulfonate [Zn(CFsSOz3): |-

BANFs (PZB) Composite lon Conductor

PEO with a molecular weight of Mw = 300000 Da, Zn(CF3S03)> with 98 wt% purity, and
acetonitrile with 99 wt% purity were purchased from Sigma-Aldrich and used as received. 1 g
PEO (10 wt%), 0.33 g Zn(CF3S03)>, and 0.1 g BANFs were dissolved into a 8.61 g acetonitrile
and 1-methyl-2-pyrrolidinone (NMP) at weight ratio, 9:1. For other PZB dispersions, the loading
of BANFs was varied between 1 wt% and 15 wt% in respect to the weight of PEO. The obtained
PZB dispersions were vigorously stirred at 50 °C overnight until visible aggregates disappeared.
The PZB composite film was prepared by spin-coating followed by the lift off separation of the
free-standing composite film.[120], [121] Microscope glass slides for the preparation of PZB film
were pre-cleaned by extensive rinsing with deionized (DI) water (18 MQ cm). 1 mL of PZB
solution was dropped onto the glass slide and allowed to spread at 1800 rpm for 2 min. The polymer
covers the glass slide smoothly and uniformly. Then composite membrane was dried in vacuum
oven at 35°C overnight. Subsequently, composite membrane was peeled from the glass slide using
its own strength. Free-standing PZB membranes were dried between two PTFE plates for one day

at room temperature.

2.5.3 Fabrication of Zn/PZB/y-MnO; Cells and Battery Packs

The y-MnO; powder (JCPDS # 14-0644) was synthesized by a process reported
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before[122]. The cathode material layer consisted of 80 wt% y-MnO2, 10 wt% graphite, and 10
wt% PEO polymer binder. Graphite was purchased from Sigma Aldrich. PEO polymer binder was
dissolved in acetonitrile to make a 5 wt% solution. The mixture of y-MnO>, graphite, and PEO
binder was stirred at a speed of 3000 RPM for 1 minute three times using a planetary mixer. The
resulting slurry was then cast onto an aluminum foil substrate using a doctor blade. The electrode

was then dried in a vacuum oven for about 10 h at 35°C. Active material (y-MnO) loading was

1.3mg-1.5mg /cm. Before using the cathode material, the MnO, layer pressed at the 1000 MPa
at 600 °C to enhance integrity of the material.

Anode layer was zinc foil, with a thickness of 5 um, purchased from Sigma Aldrich. Pouch-
like Zn/PZB/y-MnO: cells were assembled by placing the electrodes face-to-face with the
composite PZB film. Assembled cells were connected in series using copper paste as an external
connection onto a polyethylene terephthalate (PET) film purchased from Sigma Aldrich serving as
a flexible substrate.

Corrugated structural batteries were made from stacked Zn/PZB-931/y-MnO; cells with a
size of 5 cm x 7 cm. These cells were then connected in series to provide ~3.7V potential. This
battery pack (~5.6g) was subsequently connected to the main power source of UAV via parallel
configuration to supplement total current flow. It increased the total weight of UAV by ~10%. Even
though contribution of our battery is relatively small, this concept can be improved and applied for

next generation of UAVSs.

2.5.4 Structural Characterization

The SEM images were taken with a FEI Nova Nanolab dual-beam FIB SEM. The FT-IR
spectra were measured using a Nicolet 6700 spectrometer. The XRD patterns were obtained on a

Rigaku Rotating Anode X-Ray diffractometer with Cu Ka radiation generated at 40 kV and 100
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mA. X-ray photoelectron spectroscopy (XPS) was recorded on Perkin Elmer PHI 1600 ESCA.
Quantachrome Autosorb 6B system was used to characterize the pore width of the BANFs film
using nitrogen sorption under 77.4 K. The pore size distributions of the BANFs film was calculated
by Barrett-Joyner-Halenda (BJH) methods. The mechanical properties of PEO and PZB composite
films were conducted using a TA XT Plus Texture Analyzer (Stable Micro Systems Ltd.). The film

was cut into rectangular strips of 20 mm X 5 mm, and twenty samples were tested in each case.

2.5.5 Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) (Autolab Potentiostat and Solartron 1260
frequency response analyzer) was carried out in the range from 100 kHz to 0.05 Hz with potential
amplitude of 20 mV. The cell arrangements consisted of two zinc electrodes, which acted as
blocking electrodes. The resulting Nyquist plots were fitted to an equivalent circuit where ionic
conductivity was then calculated from the

Equation 1 o = L/RyA,

where L is the thickness of the film, R is the bulk resistance, and A is the contact area of
film. Cyclic voltammetry (CV) curves of the assembled Zn/y-MnO- with PZB were obtained using
coin cellswith a scan range from 0.8 V to 1.9 V with a scan rate of 0.1 mV s™\. Galvanostatic

charge/discharge data was recorded on a LAND-CT2001A battery-testing instrument.
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2.6 Supplementary Information
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Figure S 1 Characterization of ionic conductivity and tensile strength of PZB composites with different Zn(CF3S03)2
loadings based on the PEO weight; the weight ratio of PEO: Zn(CF3S03)2 is from 10:1 to 3:1. As we know, the
Zn(CF3S03)2 salt concentration has a profound effect on the physicochemical properties for polymer
electrolyte[123], [124]. The inner resistance of the composite film decreased significantly by increasing the
Zn(CF3S03)2 loading and reached the plateau at 1:3 compared to PEO weight. The tensile strength, however,
decreased when the salt loading increased further. Additional amount of Zn(CF3S03)2 in PZB film changes the tensile
strength from around 83+4.2 MPa to 7.8+0.40 MPa as the CF3SO3- ions tend to aggregate at high loading[125],
[126]. Thereby, most of the studies below are carried out for composite electrolytes with weight ratio of Zn(CF3S03)2
to PEO of 1:3 and BANFs 10 wt% of the total PEO weight. Henceforth, this composite electrolyte will be referred as
PZB-931.
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Figure S 2 Stress/strain cure of the PZB-931 biomimetic composite.
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Figure S 3 (Ato J) The SEM images of the surface view and side view of PZB composites with different BANF loading.
(A and B) neat PEO, (C and D), PZB composite with 1wt% BANF loading, (E and F), PZB composite with 5wt%
BANF loading, (G and H) PZB composite with 10wt% BANF loading, and (I and J) PZB composite with 15wt% BANF
loading. Here and elsewhere the nanofiber loading is reported in respect to the weight of PEO.
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Figure S 4 (A and B) SEM surface image of the BANFs and (C) Corresponding statistical analysis of the apparent
pore sizes on the BANF surface in (B). (D) Pore size width distributions of the BANF obtained from Barrett-Joyner-
Halenda (BJH) analysis.

The nanoscale architechture of the BANF-based composites was investigated by SEM
(Figure S 4 A). The pore size in PZB 931 was found to be from tens of nanometers to hundreds
of nanometers (Figure S 4 B, C).

The pore size from the BJH analysis was calculated to be 50-70 nm. The apparent difference
between the pore sizes calculated from SEM image and BJH data is common; it is associated with

the changes occurring with the nanoporous materials under vacuum.
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Figure S 5 lonic conductivities of PZB composite films with different of BANF loading. (A) PEO film, (B) PZB
composite with 1wt% BANF loading, (C) PZB composite with 5wt% BANF loading, (D) PZB composite with 10wt%
BANF loading, and (E) PZB composite with 15wt% BANF loading. Here and elsewhere the nanofiber loading is
reported in respect to the weight of PEO.
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Figure S 6 The XRD pattern comparison between PEO and PZB-931 composite film. The amorphous nature of PEO
polymer was clearly observed in PZB-931 composite film by a diffuse broad band for 28 between 20° and 30° instead
of the sharp peaks at 26 = 19° and 20 = 23° for crystalline PEO.

Comment: The intensity of the characteristic XRD peaks of crystalline PEO at 19 and 23 degrees

are markedly decreased and experience strong broadening, indicating dominance of the amorphous

PEO phase.
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Figure S 7 The FT-IR spectra of BANFs, PEO and PZB-931 composite. Two new peaks at 2798 cm-1 and 1770 cm—
1 are found in PZB-931 composite and represent intermolecular hydrogen bonds between BANFs and PEO chains
which hindering the crystallization of the polymer.

Comment: The FT-IR spectrum of PZB-931 shows two new peaks at 2798 cm™and 1770 cm™
ascribed to intermolecular hydrogen bonds between the BANFs and PEO chains that hinder the

crystallization of the polymer [127].
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Figure S 8 DSC curves for PZB-931 composites and ion-conducting membrane from neat PEO.

Comment: DSC measurements show lack of crystallinity in PZB-931. Intensity of PEO peak

decreases and melting temperature shifts as a result of BANF presence.
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Figure S9 Comparison of the EIS curves obtained under different temperatures for PZB-931.
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Equation 2 :The chemistry of zinc/PZB-931/y-MnO; battery.

Anode: Zn — 7Zn* +2e”

Cathode: Zn** +2e” +2yMn0O, — ZnMn,0O,
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Figure S 10 Zn 2p core level spectra of cathodic y-MnO electrodes at (A) original, (B) Zn-depleted and (C) Zn-rich
states.

Comment: An increase of the intensity of the Zn 2p signal (Figure S 10) from the Zn-rich state
different to those of the other two states confirmed the insertion/extraction of Zn?* ions into/from
the y-MnO: tunnels which matches the conclusions about reversible intercalation made on the
basis of cyclic voltammetry CV scans[128], [129] displayed in Figure 2.2B. Large amounts of
Zn?* jons were also detected on the surface of the cathode material in the Zn-rich state, which were

found to be absent in the Zn-depleted state.
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Figure S 11 The XPS survey of cathodic y-MnO; electrodes at (A) original, (B) Zn-rich and (C) Zn-depleted states.
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Figure S 12 XRD patterns of cathodic y-MnQO2 electrodes in the (A) original, (B) Zn-rich and (C) Zn-depleted
states.

Comment: The XRD diffraction patterns of the cathodes in the original, Zn-rich, and Zn-depleted
states were virtually identical and showed crystalline y-MnOz exclusively. This finding is
consistent with the original state, indicating that the Zn?* ions reversibly intercalate into the

framework during the charge and discharge processes.
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Figure S 13 Schematic diagram of a flexible Zn/PZB-931/y-MnO- battery.
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Figure S 14 Rate performance of Zn/PZB-931/MnO; battery cells for charge-discharge rates from 0.1C to 1C. The
data for analogous battery cells made with PEO as ion-conductor and Celgard 2400 with liquid electrolyte are
provided for comparison.
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Figure S 15 The voltage generated by Zn/PZB-931/y-MnO; battery with different shapes. No short-circuits are
observed after plastic deformation leading to corrugations.
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Figure S 16 (A) The photographs of flexible Zn/PZB-931/y-MnO; battery and (B) an LED lit by the flexible device.
(C-D) Galvanostatically charged and discharged curves(C) and Capacity retention (D) of Zn/PZB-931/y-MnO; at 0.2
C under different bending angles.
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Figure S 17 Capacity retention of the Zn/PZB-931/y-MnQO; battery under various deformation status corresponding
to Figure 2.4B-F.
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Figure S 18 The open-circuit voltage of Zn/PZB-931/-MnO; battery undergoing bending tests at 5 bending cycles
per second.
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Figure S 19 (A) Schematic diagram fabrication process of Zn/PZB-931/y-MnQ; structural batteries. (B) The capacity
performance of Zn/PZB-931/-MnO- battery under different pressure. (C) Capacity retention of the structural battery
on cycle numbers under square wave shape.
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Figure S 20 Comparison of the EIS of the Zn/PZB-931/y-MnO, battery for different bending angles.
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Figure S 21 Comparison of the EIS of the Zn/PZB-931/y-MnO, battery under different pressure.
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Table 1 Comparison of electrolyte, capacity, and cyclic stability of flexible rechargeable batteries with zinc
chemistries.

Battery Ion Conductive Capacity(m | Cyclic Ref
System transport Ions Ahg-1) Stability
media
Zn/air battery | Cellulose Imol/L KOH | 125mAhg-1 | 35 cycles [79]
film water solution
Zn/air battery | PVA gel film | KOH water | 500mAhg-1 | 30 cylces [130
solution ]
Zn/Co304 PVA-PAA Imol/L KOH and | 160mAhg-1 | 2000  cycles | [68]
battery copolymer 1.0x10-3mol/L 80% capacity
film Zn(Ac)2 water retention
solution
Zn/Ni battery | PVA gel film | 2mol/L KOH | 265 mAh g-1 | 1000  cycles | [74]
water solution 91.4% capacity
retention

Abbreviations: PVA: Polyvinyl alcohol; PAA: Polyacrylic acid; Zn(Ac).: Zinc acetate; KOH: Potassium hydroxide.
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Table 2 Comparison of electrolyte, capacity and cyclic stability of flexible lithium rechargeable batteries.

Battery System | Sepatator Conductive Capacity(m | Cyclic Stability | Ref
Materials Tons Ahg™)
Li/CNT battery | Glass  fiber | 1mol/L LiPFs  in | 300 mAhg™! | 40 cycles [131]
film EC/DMC(w/w  =1:1)
solution
Li/graphene Celgard 2340 | 1mol/L LiPFs  in | 156 mAhg™! | 1000 cycles [132]
battery EC/DEC(v/v =1:1)
solution
Li/LiMn,04 Glass fibers | Imol/L LiClOs in PC | 80 mAhg-! 50 cycles [133]
battery film solution
Li/TiOs battery | Celgard 2400 | 1mol/L LiPFs  in | 147 mAhg! | 100 cycles with | [134]
EC/DMC(v/v =1:1) less than 2%
solution capacity loss
Li/MnO Pore size | lmol/L LiPFs  in | 495 mA h g | 40 cycles [135]
battery alumina EC/DMC(w/w  =3:7) | !
solution
Li/Ag Glass fibers | 1.5mol/L  LiPFs in | 339 mAhg' | 100 cycles [136]
Graphene film EC/EMC (w/w =3:7)
battery solution
Li/SnO» Celgard 2400 | 1mol/L LiPFs in | 625 mAhg! | 100 cycles [137]
Graphene EC/DMC(v/v =1:1)
battery solution
Li/V20s Celgard 2400 | 1mol/L LiPFs  in | 94.4 mAhg | 100000 cycles | [138]
battery EC/DEC(v/v =1:1) | !
solution
Li/S battery Celgard 2500 | Imol/L  LiTFSI  in | 740 mAhg' | 160 cycles [139]
DOL/DME(v/v  =1:1)
solution
Li/LiCoO> Xerox paper | lmol/L LiPFs  in | 147 mAhg! | 300 cycles [140]
battery EC/DEC(v/v =1:1)
solution
Li/LiFePO4 Cellulose Imol/L LiPFs in EC: | 145 mAhg! | 50 cycles [102], [141]
battery membrane DEC (v/v=1:1)
solution
Li/LiFePO4 Cellulose Imol/L LiPFs in EC: | 146 mAhg' | - [142]
battery membrane DEC (w/w =1:1)
solution
Abbreviations:  LiPFg.  Lithium hexafluorophosphate; LiClO4: Lithium perchlorate; LiTFSI: lithium

bis(trifluoromethylsulfonyl)imide; EC: ethylene carbonate; DMC: dimethyl carbonate; DEC: diethyl carbonate; PC:

propylene carbonate; EMC: ethyl methyl carbonate; DOL: 1,3-dioxolane; DME: 1,2-dimethoxy ethane
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Table 3 Comparison of tensile strength, tensile modulus, and elongation at break of PZB biomimetic composite with
different BANF loadings.

Thickness (um) | Tensile Tensile Elongation at

strength modulus (MPa) | break (%)
(MPa)

PEO 10+0.50 23+1.2 3.3+0.17 690+34

PZB (1wt% BANFs) 10+0.50 25+1.3 5.1+0.26 490+24

PZB (5wt % BANFs) | 10+0.50 37+1.9 22+1.1 170+8.5

PZB (10wt % BANFs) | 10+0.50 58+2.9 210+£11 28+1.4

PZB (15wt % BANFs) | 10+0.50 54+2.7 210+£11 26£1.3

Table 4 Comparison of the EIS of the PZB-931 under different temperature.

Sample with | Resistance (Ohms) Ionic conductivity
different (8, Scm™)
temperature (°C)

25°C 43.2 2.5x10°°

30°C 21.2 51x107

40°C 10.1 1.1x10™*

50°C 7.8 1.4x10*

60°C 2.3 4.7x10*

65°C 1.9 5.7x10*
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Table 5 Comparison of electrolyte, capacity and cyclic stability of rechargeable batteries with zinc chemistries.

Battery System | Conductive ion Capacity(mAhg™) Cyclic Stability Ref

Zn/0-MnO, 2mol/L ZnSO4 285mAhg* 5000 cycles [64]
with mol/L MnSO4 water 92% capacity
solution retention

Zn/0-MnO» Gelatin and PAM gel | 306 mAh g’! 1000 cycles [143]
separator 97% capacity

retention

Zn/0-MnO; 1mol/L Zn(NO3); 210 mAhg?, 100 cycles [63]

Zn/B-Mn0O; 3mol/L Zn(CF3S03), | 225 mAhg™ 2000 cycles 94% | [144]
with/without 0.1 mol/L capacity retention
Mn(CF3803)2

Zn/ZnMnQO, 3mol/L Zn(TFSI), water | 150 mAhg™ 500 cycles 94% | [66]
solution capacity retention

Zn/ZnV,0s Imol/L  ZnSO4 water | 300 mAhg™ 1000 cycles 80% | [65]
solution capacity retention

Zn/V,0s 0.5mol/L Zn(TFSI), | 170 mAhg™? 120 cycles [145]
water solution

Zn/VS; 1mol/L  ZnSO4 water | 195 mAhg™ 200 cycles 98% | [146]
solution capacity retention

Zn/Co304 KOH Zn(Ac), water | 135 mAhg 2000 cycles 80% | [68]
solution capacity retention
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Table 6 Summary of performance parameters for different kinds of structural batteries or supercapacitors.

Category Cathode | An | Separator/ Reported | Capacity Specif | Flexibility | Ref
material | ode | electrolyte | Capacity | retention ic
mat power
eria densit
1 y
Pouch cell | LiFePO4 | Car | Vinyl ester | -- -- -- N.A. [14
bon | resins 7]
fib
ers
Pouch cell | LiFePO4 | Car | Glass fiber 116.6m - 268.2 | N.A. [14
bon Ahg! Whkg 8]
fib !
ers
Pouch cell | LiCoO4 | Car | Poly(ethyle | 90mAhg | -- 35Wh | N.A. [14
bon | ne glycol)- | ! kg™! 9],
fib | methacrylat [15
ers |e 0]
Pouch cell | LiCoO4 | Gra | Polyolefin -- -- 952W | N. A [15
phi | separator hkg! 1]
te
Pouch cell | LiMn;O4 | Gra | Celgard 18.9AhL | 84.3% 223W | Moderate | [15
phi | 2320 1 capacity hL-, 2]
te retention
after 50
cycles under
mechanical
test
Pouch cell | Lithium | Gra | Polyolefin -- 96% 142W | N.A [4],
Nickel- | phi | separator capacity hkg-! [15
Cobalt- | te retention 3]
Mangan after 200 [l ’5
ese cycles under
bending test 4]
Pouch cell | -- Car | Poly(ethyle | -- -- 10.54 | N.A [11
bon | ne glycol) mWhk 8]
fib | diglycidyl g’!
ers | ether
Cable- -- Nic | Lead -- -- 26.5m | Good [15
shaped cell kel | zirconate Jm 5]
titanate
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Chapter 3
Multifactorial Engineering of Biomimetic Membranes for Batteries with Multiple High-

Performance Parameters

3.1 Abstract

Lithium-sulfur (Li-S) batteries have high specific capacity, but lithium polysulfide (LPS)
diffusion and lithium dendrite growth drastically reduce their cycle life. Here we show that aramid
nanofiber (np-ANF) membranes structurally similar to cartilage address both of these challenges
due to targeted multifactorial engineering of mechanical, thermal, and ion-selective properties.
ANFs with partially hydrolyzed surface support LPS adsorption creating a layer of negative charge
on nanoscale pores blocking LPS transport. Numerical computation of ion transport in a
nanochannel model with parameters matching experimental ones, demonstrates that ion-selectivity
based on electrostatic repulsion effectively suppresses LPS diffusion while allowing Li* ions to be
transported. High Young’s modulus of np-ANF enables Li-S batteries with high capacity and sulfur
loading because the composite membranes can be as thin as 5.8 um. The relationship between
Young’s modulus and lithium dendrite suppression derived from the Newman-Monroe model
shows that the high stiffness of the np-ANF membranes also leads to dendrite suppression. The np-
ANF battery cells exhibited capacity of 1268 mAh g* closely approaching the theoretical high for
Li-S batteries, up to 3500+cycle life and up to 3C discharge rates. High thermal stability of ANFs
enables operation at temperatures up to 80°C which is essential for Li-S battery safety.
Multiparameter assessment using glyph plots and cumulative capability criterion (CCC) shows

that across-the-board performance of Li-S batteries employing np-ANF exceeds the current state-

55



of-the-art. Simplicity of ANF synthesis, their self-assembly into composites, and experimentally
verified ion-selectivity model open the door for engineering of high-performance nanofiber-based

biomimetic materials for numerous energy technologies.

3.2 Introduction

High theoretical specific capacity of 1675 mAh g, environmental friendliness, and earth-
abundance of elements forming lithium-sulfur (Li-S) batteries make them an attractive platform
for energy storage in a variety of technological fields from electric vehicles to robotics and from
power grids to aerospace engineering [156]. However, the diffusion of lithium polysulfides (LPS,
LiSx, 4<x<8) [157] from cathode to anode drastically reduces their cycle life, overall capacity,
and Coulombic efficiency [158]-[161]. Additionally, LPS layers passivate both the electrodes,
leading to a significant increase in impedance and thus to energy losses [162]. The non-uniform
surface layer on anode also promotes the growth of dendrites, which represents another severe
issue for Li-S batteries that causes similar issues compounded by short-circuiting and overheating.

Extensive research effort in the past was invested into designing materials for sulfur
cathode that would minimize LPS release. It was shown that immobilization of LPS is possible by
encapsulating sulfur into microporous carriers [163], [164] made from nanocarbons [156], [165],
[166], conductive polymers [167], [168], transition metal oxides [169]-[171], and metal-organic
frameworks [172], [173]. Indeed, nanoporous barriers in the cathode improved the retention of
sulfur within the cathode. However, there is still considerable room for improvement in the cycle
life and overall performance of Li-S batteries [174], [175] addressing the structural complexity of
cathode material, and improving electron transport through electrode material [176], [177].

The problem of the LPS diffusion can also be approached by optimizing the materials

design of ion-conducting membranes that can block the LPS transport from S cathode to Li anode.
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Simultaneously, these membranes must allow the facile transport of Li* ions [175], [178]-[181].
Significant advances in this area were achieved using coatings from carbonaceous materials [178],
[179], [182]-[184], polymers [183], [185], [186], metal foams [187], metal-oxide layers [183],
[188], [189], and metal oxides with carbon [190], [191]. The great challenge for all of these
structural solutions for LPS membranes is to combine at least two contrarian materials properties
— efficient ion transport and mechanical robustness in one material or a coating.[162], [183], [192]-
[194] Among the latter, polymers with high shear modulus are necessary to suppress dendrite
growth on lithium anodes [195] while high strength, thermal stability, and toughness are essential
for the longevity of the batteries in real-world conditions, for instance in electric vehicles. The
prior experimental and computational data show this materials engineering task is difficult [162],
[183], [192]-[194], [196] and requires a new approach in materials design.

Here, we show that the ion-selective membranes engineered using sequential deposition of
nanofibers enable nearly complete prevention of the LPS diffusion from cathode to anode. The
structural design for this membrane was inspired by cartilage known for efficient ion transport
combined with high ion selectivity [197] as well as unique mechanical properties [198]. The
design of these tissues is based on highly interconnected nanofiber networks, which can be
replicated in composites made from on nanoporous aramid nanofibers (np-ANFs). The direct
analogy between organization of nanofibers in ANF membranes and cartilage was recently
demonstrated by evaluation of their connectivity using Graph Theory[47]. Importantly, these
composites can be engineered into stratified membranes with nanoscale porosity (np-ANF) and
charge sieving capabilities due to the spontaneous adsorption of LPS layer on np-ANF surface.
Numerical simulations by finite element analysis confirm that negatively charged 1nm pore of np-

ANF found experimentally inhibits LPS shuttling while affording rapid transport of Li* ions.
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Considering the challenges for battery separators described above, ANFs are known for
their mechanical and thermal properties. They display Young’s modulus of E = 9.2 + 0.5GPa (55
times higher than Celgard™ 2400) and high thermal resistance (600°C). These properties make
possible simultaneous suppression of lithium dendrites extending the life cycle of the Li-S batteries
to 3500+ cycles at 3C. The combination of properties found in np-ANF resulted in high efficiency
of LPS blocking and remarkable stability over long-term cycling even for high-temperature

environments.

3.3 Results

3.3.1 Characterization of the np-ANF membrane

A method of spin-assisted layering assembly [199]-[201] modified from the original
protocol and conceptually similar layer-by-layer (LBL) deposition [202]-[205] was used to
fabricate membranes from ANF dispersions [206], [207] (See Methods). Using this technique, the
thickness of membrane can be easily varied by increasing or decreasing the number of deposition
cycles (Figure S 22), which is required for optimization of flux and selectivity of the ion-
transporting membranes. By repeating the spin deposition cycle three times, we obtained ANF
composite membranes with a smooth surface (Figure 3.1 B-C, Figure S 22) and a thickness of
5.8+0.50 um (Figure S 22D), which is much about four times thinner than that of Celgard™ 2400
membrane s with a typical thickness of 25um. Reduction of the membrane thickness represents
an important technological target because it enables increasing the thickness of active materials on
both cathode and anode, increasing the overall battery capacity. The thickness of the state-of-the-
art ion-conducting membranes for Li-S batteries is between 20 and 30 um. (Table 11-Table 14).
Thermogravimetric analysis (TGA) on np-ANF membrane indicates that no significant weight loss

occurs below 600 °C in N2 atmosphere (Figure 3.1 D), and the differential scanning calorimetry
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(DSC) analysis on np-ANF confirms no significant change occurring with np-ANF until 500°C
(Figure S 23 and Figure S 24). Moreover, the np-ANF electrolyte wettable, which reduces internal
resistance needed to achieve superior rate charge-discharge rate (Figure S 25).

The dense network of nanofibers in the np-ANF results in the formation of nanoscale pores
0.9 nm-1.2 nm in diameter (Figure S 26) as determined by the Barrett-Joyner-Halenda (BJH)
analysis (Figure S 27), which is smaller than the hydrodynamic diameter of L>Ss of 1.3-1.5 nm
[157], [208]-[211]. These pores are at least one order of magnitude smaller than those found in

Celgard™ 2400 where the BJH pore size exceeds 25 nm (Figure S 28).

3.3.2 Synergistic Effects of Negative Charge and Narrow Pore Size of np-ANF

The pore diameter in the range of single nanometers has two essential benefits for battery
membranes related to the dendrite suppression and ion transport [211]. First, lithium dendrites
have a diameter of around 300 nm in growth point (Figure 3.1 E-F). Providing sufficient
mechanical properties [195], [212], membranes with single nanometer pore size can suppress the
growth dendrites more efficiently than those with wider channels. Notably the Young’s modulus
of np-ANF -based membranes of E = 9.2 + 0.5 GPa is higher than most of previously reported
membranes (Figure S 29 - Figure S 30 and Table 8). Compared with Celgard™ 2400 with E =
0.17 + 0.02 GPa, it corresponds to ca 55x improvement in the Young’s modulus (Figure 3.1 G
and Table 7). The simple mathematical derivation relating the shear modulus, Gpolymer, Of the
polymeric electrolyte and its Young’s modulus, Epolymer, Strictly following the Monroe and
Newman model [195] shows that the original expression for the mechanical properties of ion-
conducting membranes Gpoymer/GLi = 1.65 can be converted into Epoymer/ELi = 1.53
(Supplementary Information). The advantage of the dendrite suppression relationship based on

Young’s moduli is that it is more practical because the values of Young’s moduli are easier to
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measure and are available for larger number of composite and other materials. Note that this
conversion does not make any additional assumptions besides those made in the Monroe and

Newman model or currently used in the field (Supplementary Information).

Load charger
A B D 120
np-ANF
) Li dendrite . 100 R
o 5 g 804
» §> 60+
(I 8 0 40-
E) = =
3 3 C 20]Celgard™ 2400
® ® o]
200 400 600
Li* ion np-ANE  Polysulfide Temperature(°C)
separator
G 200
_ 16071 np-ANF
& 120
% 804 Celgard™ 2400
(7]
2 40-
15
0

0 5 10 15 20 25 30 35 40 45
Strain(%)

Figure 3.1 Characterization of the np-ANF membrane (A). Schematic configuration of a Li-S cell with a np-ANF
membrane between the sulfur cathode and the lithium anode. (B and C) Photographs of an np-ANF membrane. (D)
thermogravimetric analysis curves for np-ANF membrane and Celgard™ 2400. (E and F) SEM images of the tip of
lithium dendrite. (G) Stress-strain curves for np-ANF and Celgard™ 2400.

Secondly, the negative surface potential of np-ANF [20], [25], [45] and the small diameter
of the pores make the double electric layers extending from the pore walls overlap incompletely
compensating the surface charge [213]-[215]. Being immersed in electrolytes typical for lithium
batteries, such membranes reject negatively charged chains of LPS due to the repulsion from the
channel walls. The nanoscale confinement enables, therefore, high degree of selectivity for the

transport of ions through them re-creating the functional analogs of ion channels known from

biology [216], [217].
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We found that LPS can spontaneously bind to np-ANF creating the layer of strongly bound
negative charge on them, which rejects transport of LPS but facilitates the transport of lithium
ions. np-ANF membrane was immersed into 0.5 M Li»Ss in DOL/DME 10 hours at room
temperature (25°C). After repeated 5 times wash in copious amount of DOL/DME solvent a large
amount of sulfur was still detected on the surface of the membrane by the XPS analysis (Figure
3.2 A and Figure S 31), indicating the strong adsorption of polysulfides on np-ANF. This LPS
adsorption on the np-ANF membranes was confirmed by EDAX and the Raman scattering (Figure
3.2 B-C). The two characteristic Raman scattering peaks of LPS observed in freely dissolved state
at 450 and 520 cm™ are broadened and appear at 400 and 440 cm™ when adsorbed on np-ANF.
Broadening is expected for adsorbed LPS due to multiplicity of the conformational states of LPS

on np-ANF composite.
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Figure 3.2 Polysulfide-Blocking Capability of the np-ANF Separator (A-C). XPS survey (A); Raman scattering
spectra (B); SEM image, EDAX spectra and the corresponding N and S element mapping images (C) for the np-ANF
before and after adsorption test Li»S4 solution followed by rinsing with DOL/DME solution and drying in glovebox.
(D). Diffusion of LPS in H-type cell through Celgard™ 2400 and np-ANF membrane.
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np-ANF composites with negative charges on cylindrical pores [20], [25] are expected to be
permeable for lithium ions but reject LPS (Figure 3.2 D) [218], [219] due to their negative charge,
large size, and cooperative binding to the channel walls. Permeation behavior of LPS through the
np-ANF membrane was investigated in an H-cell (Figure 3.2 D) filled with 1,3-dioxolane (DOL)
and dimethoxyethane (DME) in 1/1 v/v ratio that is commonly used in the Li-S batteries [220].
DOL/DME solvent without LPS was placed in the right chamber while solvent with 0.5 M Li2Ss
was in the left chamber. Driven by the concentration gradient, LPS easily diffused across the
Celgard™ 2400 and the right chamber turned from colorless to dark brown within 10 hours. In
contrast, the diffusion of LPS was blocked by np-ANF membrane (Figure 3.2 D) and right
chamber stayed colorless after 96 h even under a strong stirring.

We further investigated LPS blocking mechanism with numerical simulation of ion
transport by finite element computations. The structure of the nanopore of ANF separator was
modeled as a single 10 nm long channel with 1 nm diameter connecting two reservoirs (inset,
Figure 3.3A). The diameter of the model channel has been determined by experimental pore size
measured by the Barrett-Joyner-Halenda analysis (Figure. S6). Both the reservoirs and
nanochannel are represented by dielectric blocks with the electrolyte. The limitation caused by
size of reservoirs of model are compensated by inflow boundary setting of anion and cation
(Figure 3.3 B). The anode and cathode with potential difference of 2 V had been set at the two
ends of reservoirs for common electrostatic boundary condition of the models while surface
charged density of -8 mC/m? has been selectively applied to the boundary of np-ANF separator for
comparison. At initial, reservoir on cathode side (reservoir 1, Figure 3.3 B) is only filled with LPS
anions (concentration of LPS-, cLps = 1M), whereas the whole system including nanochannel is

uniformly filled with lithium cation (concentration of Li+, cLi+ = 1M). Two different electrostatic
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conditions, with and without surface charge density on the surface of np-ANF membrane, were
applied to the model and time-dependent studies were performed by solving the coupled Poisson,
Nernst-Planck and Navier-Stokes equations. As expected, both LPS anion and Li cation can freely
pass through the nanochannel that does not have surface charge (Figure 3.3 C and D, I, Movie
S1- 2). When the model includes, however, the negative surface charge on the channel walls, the
transport of LPS including some of the smallest LPS species, such as including Li2S4, is blocked
(Figure 3.3 D, ii, Movie S4). Li* cations still pass though unimpeded (Figure 3.3 C, ii, Movie
S3). Note that until 200 ns, some adsorption of Li cation layer on the wall of np-ANF has been
observed although it does not block the passage of ion transport. Thus, the computational model
demonstrates that np-ANF can selectively block LPS transport solely due to electrostatic repulsion,
even excluding the size selectivity effect, which simplifies the engineering of the membranes for

a variety of technologies.
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Figure 3.3 Computational analysis on transport of charged ion species through a single nanochannel. (A)
Electrostatic boundary condition including potential set for cathode (2V at S@C, conventional sulfur in carbon) and
anode (ground at Li, Lithium metal), and surface charged density () on ANF wall. (B) Boundary condition for ion
transport module for LPS anion and Li cation. The concentration map and streamline change (from t = 0to t = I us)
of Li cation (C) and LPS anion (D) with (i) and without (ii) surface charge density on boundary of np-ANF separator.

3.3.3 Performance of the as Assembled Li-S Batteries at Room Temperature with High Sulfur

Loading

In the cyclic voltammograms (CV) of Li-S battery cell with np-ANF membranes, two
distinctive reduction peaks and a strong oxidation peak appear at 2.36, 2.02 and 2.31 V,

respectively (Figure 3.4 A). For simplicity of notations the anodic peak and the two cathodic peaks
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will be denoted here as peaks a, B, and vy, respectively. The peak y at 2.36 V is attributed to the
reduction of Sg to intermediate LPS (Li2Sx, 4<x<8), while the second reduction peak  at 2.02V is
ascribed to the further reduction of intermediate LPS to insoluble Li>S and Li>S,. The strong
oxidation peak o centered at 2.31 V corresponds to the delithiation of Li2S/Li»S, into Li2Sx
(4<x<8) and eventually to Sg[162]. In the subsequent cycles, the intensities of reduction and
oxidation peaks remain almost unchanged.

Using the classical Randles-Sevick equation [158], [221], [222], one can understand further
Li* ion diffusion properties, acquiring CV curves under different scanning rates ranging from 0.1
to 0.5mVs? . The diffusion coefficients were determined to be Dii+(01) = 9.263+10® cm?s?,
Dvi+(B1) = 5.310210°®° cm?s?, and Dyi+ (y1) =0.42110* cm?s™* for np-ANF, which almost equal to
the diffusion coefficients for the Celgard™ 2400 of Dyi+(a 2)= 9.693+10® cm?s™® |, Dyis (B 2) =
5.192¢10% cm? s, and Dui+ (y2) = 0.567-10 cm? s72, respectively (Figure S 32 and Table 9).
The lithium-ion transference number (tLi+) of np-ANF separator (0.63) is almost similar to that
pure Celgard™ 2400 (0.68) (Figure S 33 and Table 9). These data indicate that np-ANF does not
affect the diffusion properties of Li*.

Diffusion of LPS through membranes is detrimental effects for Coulombic efficiency of
Li-S batteries even for low charge/discharge rate of 0.1 C. Coulombic efficiency is less than 70-
90% for common Li-S batteries. Coulombic efficiency of the cells being cycled at 0.1 C for 300
cycles as 98% and 75% after for np-ANF and Celgard™ 2400, respectively (Figure 3.4 B).
Besides Coulombic efficiency, the discharge capacity also increased accordingly because the np-
ANF membranes hindered the chemical reactions between metallic lithium and high-order LPS,
reducing the loss of active material loss. For example, the initial discharge capacity of 1268 mAh

g obtained on the cell with an np-ANF was higher than that for Celgard™ 2400 with 1029 mAhg"
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! (Figure 3.4 C). Furthermore, the capacity decay rate was also reduced from 0.20% of Celgard™
2400 membrane to 0.092% per cycle. Comparing to other membranes designed for Li-S batteries,
np-ANF membranes have an advantage because they improve the cycle life for long term at
different charge/discharge rate (Table 11). When needed, the cycle life as well as the Coulombic
efficiency could be further enhanced by increasing the thickness of np-ANF. However, it will
increase the diffusion path length and internal resistance (Figure S 34) [223], [224] with
concomitant reduction of capacity. One can expect that various energy consumption patterns will
impose different preferences to Li-S battery operations. The ability of np-ANF to address different
requirements will be essential for the future multiparameter performance optimization of charge
storage devices.

Electrochemical impedance spectroscopy (EIS) of the Li-S cells were interpreted using
equivalent circuits in Figure S 35. Batteries with np-ANF membranes showed a larger resistance
compared to Celgard™ 2400 prior to cycling (Figure S 35A), which is expected considering the
reduced pore size in these ion-conductive membranes. However, after 100 cycles (Figure S 35B),
the Rct value of the cell with np-ANF significantly decreases, which may be resulted from
infiltrating of the electrolyte and the chemical activation of the active materials [225], [226]. For
comparison, the battery with Celgard™ 2400 after 100 cycles shows two semicircles (Figure S
35B). The semicircle in high frequency (Rsi//CPEss) is related to formation of an insulating layer
of solid Li2S/Li>S on lithium anode [227] and the second semicircle in low frequency (Rct//CPEct)
is assigned to the charge transfer resistance. On the contrary, the batteries with np-ANF membrane
s possess only one semicircle in the high-frequency region (red curve in Figure S 35 and Table

10). Furthermore, the corresponding Rc: value is lower for np-ANF than for Celgard™ 2400, which
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indicates faster reaction kinetics due to the formation of the SEI film on the electrode’s surface
making the Li ions transport easier [181], [228].

Although the transport of LPS is blocked, Li* ion transport through np-ANF is not and, in
fact, remains fast. Li* ion conductivity is as high as 0.24 mS/cm due to the low internal resistance
and favorable electrolyte wettability (Figure S 25), which translates into excellent rate
performance of Li-S cell when ion-selective when np-ANF is used as ion conductor (Figure 3.4 D
and Figure S 36). With the current densities varied between 0.1 and 3.0 C, discharge capacities of
1268, 1092, 969, 825, 703 and 521 mAhg* were observed. When the charge/discharge rate was
reduced back to 0.1C, a capacity of 1224 mAhg™ close to the original one was recovered for the
cell with np-ANF whereas 931 mAhg™ was observed for the cell with Celgard™ 2400 membrane.
The batteries utilizing np-ANF membranes display a cycle life over 3500 cycles at 3C (Figure 3.4
E) with a capacity decay as low as 0.01% per cycle (Figure 3.4 F). Compared to many other ion-
conductive membranes used for Li-S batteries, including carbon interlayers that serve mainly as
physical barriers, np-ANF is more efficient in long-term inhibition of LPS diffusion (Figure S 37
and Table 11).

Moreover, to evaluate the feasibility of the np-ANF separator in electrical vehicles and
similarly demanding applications, the sulfur loading was increased to 3.6 and 5.8 mg cm™2. The
batteries were still able to deliver a high initial capacities of 1142 mA h g* (3.6 mg cm™2) and
1018 mA h g* (5.8 mg cm™2) (Figure 3.4 G) with the corresponding areal capacities of 4.1 and
5.9 mAh cm™2. Based on the charge/ discharge curves (Figure S 38A), no polarization increase
upon higher sulfur loading was observed. We also tested the cells with high sulfur loading for
various current rates from 0.1C to 3.0 C (Figure S 38B). A high discharge capacity of 558 mA h

g at 3.0C was attained. Similarly to the case of 1.2 mg cm sulfur loading, switching the charge-
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discharge current back recovers the capacity of the battery to 940 mAh g even when the sulfur
loading as high as 5.8 mg cm™ due to effective mitigation of LPS transfer from cathode to anode.
Long-term cycling for 500 cycles (initial capacity 945 mAh g?, 5.5 mAh cm2 at 0.2C) is also

possible for high-sulfur cathodes (Figure 3.4 H); their capacity is competitive or better than most

Li—S cells with sulfur loading >3.0 mg cm ™2 (Table 12).
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Figure 3.4 Electrochemical performance of the Li-S batteries with np-ANF and Celgard™ 2400 membrane. (A) CV
profiles with np-ANF at a scan rate of 0.1mVs; (B) Cycling performance comparison of Li-S batteries with np-ANF
and Celgard™ 2400 membrane at a rate of 0.1C; (C) Galvanostatic charge-discharge profiles of np-ANF and
Celgard™ 2400 membrane at a rate of 0.1C; .(D) Rate performance of Li-S batteries ranged 0.1C to 3C with np-
ANF and its comparison of Celgard™ 2400; (E) Cycling performance Li-S batteries with np-ANF membrane at a rate
of 3 C over a period of 3500 cycles. (F) The decay per cycle of Li-S batteries with various membrane (GO[218]
SWCNTs[229] Carbon fiber[182] Mo0S,[223] C3N4[230] V.0s/ carbon fiber[231] Sn0,[232] TisC,[233]
MOF/GOJ[158], Table 11); (G) Cycling performance of Li-S batteries at 0.1C at various sulfur loading. (H) Cycling
performance Li-S batteries with np-ANF membrane at a rate of 0.2 C after 500 cycles at sulfur loading of 5.8mg cm"
2
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3.3.4 Excellent High-Temperature Resistance Capability

The tolerance of a Li-S batteries to elevated temperatures is an important indicator in
determining their safety, as the high temperature can also aggravate the dissolution of polysulfides,
accelerating the consumption of active materials and the attenuation of capacity. Thus, the batteries

with np-ANF membranes were evaluated at 80°C. The np-ANF cells show an increase in capacity

to 1346 mAhg™ at 0.1C (Figure 3.5 A) in comparison with room temperature cycles (1268 mAhg"
1) [192], [234]. When the current density increased stepwise, the discharge capacities of the np-
ANF were 1249, 1140, 1032, 916 and 801 mAhg?* at 0.2 C, 0.5 C, 1C, 2C and 3C, respectively,
with a capacity retention of around 60%, exhibiting a much better high-temperature rate
performance than that of cell with Celgard™ 2400 membranes. When the charge/discharge rate
was reduced back to 0.1C, a discharge capacity of 1302 mAhg™ was observed and almost kept
steady for the subsequent 100 charge-discharge cycles whereas the capacity decreased rapidly and
fell to below 300 mAh g* after only 60 cycles for the cell with Celgard™ 2400 membrane (Figure
3.5 B). The capacities of cell employing np-ANF increase due to the increased diffusion coefficient
of Li* in polysulfides (Figure 3.5 C), whereas an opposite trend was observed for Celgard™ 2400
membrane due to the rapid self-discharge caused by crossover of LPS. The battery with np-ANF
also display long cycle life with a low-capacity decay (0.081% per cycle) over 500 cycles at 3C
and the Coulombic efficiency remain 95-99% (Figure 3.5 D) at temperatures as high as 80 °C,

which is exceeds the state-of-the art of Li-S batteries (Table 13).
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Figure 3.5 Electrochemical performance of the Li-S batteries with np-ANF and Celgard™ 2400 membrane at elevated
temperature of 80 °C. (A) Rate performance of Li-S batteries ranged 0.1C to 3C with np-ANF and its comparison of
Celgard™ 2400 (B) Cycling performance of Li-S batteries at 0.1C at 80 °C. (C). The capacity comparison of np-ANF
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membrane at a rate of 3 C after 500 cycles at 80°C.
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3.3.5 Excellent Dendrite Suppression Capability

Li metal anodes also suffer from dendrite growth upon charging. To demonstrate dendrite
suppression by np-ANF membrane, cyclic charge/discharge in a symmetrical Li/membrane /Li
with 1mol/L LiCF3SO3 DOL : DME (v/v=1/1) cell were evaluated over 250 hours (Figure 3.6A).
The cell with np-ANF exhibited negligible loss or fluctuation of voltage, whereas the voltage of
cells from Celgard™ 2400 increased over cycles, by almost 100% after 250 hours due to dendrite
induced soft short circuit. To study the evolution of the voltage profiles in detail, the 10h 100h and
sudden increase cycling of the cells with np-ANF and Celgard™ 2400 membrane were further
enlarged as the insets in Figure 3.6 A. Flat voltage profiles at both the charging and discharging
states can be retained throughout the whole cycle without obvious increases in hysteresis for cells
with np-ANF membranes, whereas batteries with Celgard™ 2400 showed fluctuating voltage
profiles with consistently higher overpotential at both the initial and final stages of each
stripping/plating promoting the growth of dendrites. Greatly improved cycling stability were also
observed with np-ANF as we increased the current density to 2mAcm™ and 3mAcm™ process
(Figure 3.6 B-C), whereas the cells with Celgard™ 2400 exhibited gradual increase of the
hysteresis. Although high rate charge/discharge cycling stimulates the dendrite growth, the surface
image of lithium electrode remained consistently flat even at a high current density of 3mAcm™
after 250 hours cycling (Figure 3.6 E). Lithium cells with Celgard™ 2400 displayed rough surface
and massive formation of dendrites after 250 hours cycling under the same conditions or even at a
lower current density 1 mAcm™ (Figure 3.6 F-G). At a high current density of 2 mAcm™ and 3
mAcm™, extensive growth of dendrites was observed on lithium electrode surface (Figure 3.6 H-
I and Figure S 39). Such drastically different results further demonstrate the advantages of np-

ANF membranes.
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Figure 3.6 Comparison of the cycling stability of the np-ANF and the Celgard™ 2400 membrane at a current density
of (A) ImAcm?, (B) 2mAcm2 and (C) 3mAcm2 with a stripping/plating capacity of 1 mAhcm=. SEM images of the
lithium electrode with np-ANF membrane after 250 hours cycles of stripping/plating in 7 mol/L LiCF3SO; DOL:
DME v/v = 1/1) at a current density (D) 1 mAcm and (E) 3 mAcm2. (F-1) SEM images of the lithium electrode with
Celgard™ 2400 membrane after 250 hours cycles of stripping/plating in /mol/L LiCF3SOs; DOL: DME v/v = 1/1 at
a current density (F), magnified image(G) 1mAcm-2 and (H), magnified image (1) 3 mAcm.

3.3.6 Excellent Overall Performance for Li-S Batteries

As an example of a complex task to engineer a battery satisfying several often contrarian
parameters such as high discharge rate and long cycle life, we carried out multiparameter
performance assessment of Li-S cells with np-ANF separators using glyph plots (Figure 3.7). The
following parameters were chosen to evaluate the state-of the-art Li-S batteries due to their
significance to multiple technologies: initial discharge capacity at 0.1C (mAhg™); initial discharge
capacity at 1.0 C (mAhg™); cycle life at 1.0C; capacity retention at 1.0 C (%); Coulombic
efficiency (%); maximum sulfur loading (mg/cm?); maximum operational temperature (°C). Since
battery capabilities increase with the increase of all of these metrics, the total area encircled by the
glyph plot can be used as a cumulative capability criterion (CCC, %) to compare and optimize the

batteries. CCC is enumerated as percentage of area encircled by the glyph plot from the maximum
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possible for the capability-relevant range of properties (Figure 3.7). The assessment shows that
cells with np-ANF membranes have across-the-board performance exceeding the current state-of-
the art in Li-S batteries. When needed other longer list of the parameters can be selected, albeit

methodology may remain the same.

5 4 5 4
Red phosphorus/PP Co,S /Celgard

38-3% 1. Discharge Capacity at 0.1C(mAhg");

2. Discharge Capacity at 1.0C(mAhg-);
3. Cycle number at 1.0C;

2000 , % Capacity Retention at 1.0C

5. Coulombic Efficiency(%);

6. Maximum Sulfur Loading(mg/cm?);
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*PEDOTIPSS EMiA/Celgard s Tio/TiN NbN/Celgard 7. Maximum Operational Temperature(°C)

Figure 3.7 Multiparameter comparison of various for Li-S batteries based on glyph plots. And cumulative capability
criterion (CCC). The value of CCC is given in the top red corner of each glyph plot. The detailed data set for the
plots is given in Supplementary Information in Table 14.

73



3.4 Discussion

In summary, np-ANF with layer of LPS bound to the surface of the layered composite
serves as effective ion-selective membranes facilitating the transport of Li* and blocking the
transport of LPS as shown in experiments and computations. In addition to size filtration by small
pore size of ANF, its surface charge density plays a crucial role for selectivity of ion transport.
While negatively charged np-ANF membrane nanochannel ensure steady Li ion flux, it repels
negatively charged LPS and collaboratively blocks LPS shuttle. Their multifactorial engineering
encompassing narrow pore size, negative charges, high mechanical and thermal properties
collectively lead to the promising electrochemical performance in Li-S batteries exceeding the
current state of the art comparing several singular parameters and across-the-board performance.
Simplicity of np-ANF fabrication and availability of parent material Kevlar as a recyclable polymer

enables their broad utilization in different energy-storage technologies.

3.5 Experimental Method

3.5.1 Preparation of the aramid nanofibers (ANFs) and ion-selective membranes from them.

To prepare the ANF dispersion, the fabrication method is report previously [20]. 1 g of bulk Kevlar
69 (from Thread Exchange) and 1.5 g KOH were added into 500 mL of dimethyl sulfoxide
(DMSO) which was magnetically stirred for two weeks at room temperature forming a dark red
solution of ANF. For layer-by-layer (LBL) assembly of nanoporous ANF-based membranes
abbreviated here as np-ANF, microscope glass slides were cleaned in piranha solution (3:1
H2>S04/H203) for 24 h, followed by thorough rinsing with deionized water before use. After that,
setting a clean piece of the glass slide on the disk of the spin coater, 2 mL of ANF (2wt%) solution

was dropped and spin-coated at 1500 rpm for 30 s. After spin coating, the membrane was
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immediately put into DI water to remove the DMSO and then dried at 70 °C at oven 10min. Then
the glass slide was dipped into 0.1wt% poly(diallyldimethylammonium chloride) (PDDA) solution
to change the charge for 1 min and rinsed with water for 2 min before air drying. This sequence of
steps was repeated 3 times and the last layer is ANF. It should be noted that the thickness of
membrane can be ranged by increase or decrease the membrane’s layer. The membrane is peeled
from the substrate by immersing in 0.1% (hydrofluoric acid) HF solution. The remaining chemicals

were purchased from Sigma Aldrich without further purification.
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3.5.2 Structural Characterization:

The morphology of the Li dendrite, Celgard™ 2400 and np-ANF membrane were inspected

with a scanning electron microscope (SEM, FEI Nova Nanolab dual-beam FIB).
The np-ANF before and after Li»S4 adsorption were measured by Raman spectra (LabRAM HR
800 spectrometer at 785 nm) and X-ray photoelectron spectra (XPS, Thermo Fisher Scientific,
USA. The data were obtained in an XPS system, via monochromatic Al Ka radiation with a pass
energy of 50eV.) Note: The np-ANF membrane was immersed into 0.5 M Li>S4 in DOL/DME 10
hours at room temperature (25°C) followed by repeated pure DOL/DME solution washing to
remove any residual LPS and then dried in glovebox.

Quantachrome Autosorb 6B system was used to characterize the pore width of the np-ANF
membrane using nitrogen sorption under 77.4 K. The pore size distributions of the np-ANF
membrane was calculated by Barrett-Joyner-Halenda (BJH) methods. Contact angle was measured
by Cam-plus Micro meter with the sessile drop technique. The mechanical tests of the membranes
were performed on a TA XT Plus Texture Analyzer (Stable Micro Systems Ltd.) instrument at
room temperature, with the test of longitudinal direction carried out at a rate of 2mm min™. The
film was cut into rectangular strips of 20 mm x 5 mm, and twenty samples were tested in each
case. The thermal stability of membrane was analyzed by TA Instruments Discovery
thermogravimetric analyzer (TGA) with a temperature ramp to 700 at 10 °C mint in nitrogen at a
flow rate of 30 mL min *and differential scanning calorimetry (DSC) with a temperature ramp to

500 at 10 °C min! in nitrogen at a flow rate of 30 mL min*,
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3.5.3 Visualization of ion-selectivity

The electrochemical cell test that cab visualizes LPS blocking was carried out in an H-type
glass cell to examine the properties of the membrane. Celgard™ 2400 and np-ANF membranes
were set in the middle of glass cell. The left chamber was filled with 0.5 M Li2S4 solution with
DOL /DME (v/v = 1:1) as the solvent, while the right chamber was only filled with DOL/DME
solvent (v/v = 1:1). The Li>S4 was prepared by a synproportionation reaction [235] between Li2S

and S with a mole ratio of 1:2.

3.5.4 Computation for the transport of charged ion species.

To elucidate the mechanism of selective ion transport through the np-ANF membrane, we
have simplified the system as a single nanopore channel of the np-ANF membrane connecting two
reservoirs. The 2D nanochannel model was implemented in the commercial finite element solver,

COMSOL Multiphysics.

3.5.5 Model Geometry

The system consists of electrolyte reservoirs connecting through the 10 nm long
nanochannel. The diameter of the channel was set to 1 nm based on the experimental pore size
determined by the Barrett-Joyner-Halenda analysis (Figure S 26, Figure S 27). Both the reservoirs

and nanochannel are represented by dielectric blocks with the electrolyte.
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Governing Equation

The dynamics of our system can be solved by the coupled Poisson, Nernst-Planck and
Navier-Stokes equations, a well-known set of partial differential equations that represents the

electrostatic field, the ionic flux and the fluid flow, respectively.[236]-[239]

3.5.6 Electrostatic field

The electrostatic potential of the system has evaluated using Poisson’s equation, solved
using the electrostatic interface in COMSOL. For the potential, Poisson’s equation states:

Equation 3 I+ (eoer Fp) = -p,

where ¢ is the electric potential, e the vacuum permittivity (8.854 19x10—12 F - m ™), & relative
permittivity of the material, and p total charge density which was derived from zeta potential

measurements.

3.5.7 lonic flux

The total ionic flux J; of each ion, i, is governed by the Nernst-Planck equation which can
be expressed as the sum of diffusive, electrophoretic, and convective fluxes:

Equation 4 J; = — [Dilc; + z;u;c; Vo — uc;],

with Di being the ion diffusion coefficient, c; the ion concentration, z; the ion charge number, y;
the electrophoretic mobility of ion i, and u the fluid velocity.

And assuming no homogeneous reaction in the electrolyte, at steady state, the governing equations
for the species become:

Equation 5 %" ==V Ji=0,

3.5.8 Fluid flow

The fluid flow model is set as an incompressible flow regulated by the Navier-Stokes equations:
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Equation 6 £+ (u - 1) (Eu) = 7+ [-pl + K] +F,
with the hydrodynamic stress tensor, K = # [Vu + (Vu)'] and the continuity equations, £ V-u = 0.

where £ is the fluid density, » the dynamic viscosity, p the pressure F is the volume force vector.

3.5.9 Multiphysics Coupling

Other than potential coupling from electrostatic to the transport of diluted species interface,
space charge density coupling has been added by defining dependence of the space charge density
(SI unit: C/m®), p, on the ion concentrations:

Equation 7p = FZiZiCi

with F Faraday’s constant (96 485.33 C - mol %), and ci the ion concentration and z; ion charge

number of ion i.

3.5.10 Electrochemical Performance Tests

Standard 2032-coin cells (MTI) were used to evaluate the electrochemical performance of
the np-ANF membrane-incorporated lithium sulfur batteries. The C/S cathode materials were
fabricated with a typical melt-diffusion strategy. The nanocarbon were firstly mixed with sulfur
powder with a mass ratio of 3:6 by milling. The mixture was subsequently placed in a sealed flask
at 155 °C for 10.0h to incorporate S into the carbonaceous matrix. The cathode slurry was then
prepared by mixing 90wt% sulfur/carbon composite and 10% poly(vinylidene fluoride) binder in
N-methylpyrrolidone (NMP) solvent dispersant. The cathode was constructed by coating the slurry
on aluminum foil and drying at 60 °C at vacuum oven for 24.0 h. The sulfur loading was 1.2 mg

cm 2 for the regular tests and around 3.6 mg cm 2 and 5.8 mg cm 2 for the high sulfur loading test.
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The metallic lithium foil purchased from MTI Corporation was directly used as the anode. Then
1M LiTFSI solution in DOL/DME (v/v = 1/1) was used for the cells and the electrolyte/sulfur ratio
was controlled at 10:1 (uL mg ™). The separator used in the cell were routine Celgard™ 2400 or
np-ANF. The coin cells were tested in galvanostatic mode at various currents within a voltage
range of 1.5-2.8 V using LAND-CT2001A battery-testing instrument. Both CV and EIS were
performed on an Autolab (Autolab Potentiastat and Solartron 1260 frequency response analyzer).
The EIS carried out in the range from 100 kHz to 0.05 Hz with potential amplitude of 20 mV. The
resulting Nyquist plots were fitted to an equivalent circuit where ionic conductivity was then
calculated from the Equation 1 where L is the thickness of the film, Ry is the bulk resistance, and
A is the contact area of film. The CV was scanned at a rate range of 0.10 -0.50 mV s?. The
capacities were calculated based on the mass of sulfur in the cathode.

The lithium-ion diffusion coefficient Dri+ (cm?

s1) was evaluated by cyclic voltammetry and
calculated according to the Randles-Sevick equation [158], [221], [222]:

Equation 8 I, = 2.69 x 10°n5AD3 Cv°®

in which Ip (A) is the peak current, n represents the number of electrons of in the reaction (for Li-
S batteries, n = 2), A(cm?) indicates the electrode area (1.54 cm? here), Cri+ (mol/mL) means the
lithium-ion concentration(0.1mol/L) in the electrolyte, and v is the scanning rate (Vs™).

The Li" transference number (tui+) for different separators was evaluated by a potentiostatic
polarization method of a constant potential at 10 mV was applied for 10000s to record the current
at initial and steady-state. Each membrane was separately sandwiched between two lithium metal
electrodes in a coin type cell (CR2023) and saturated with 1 M LiTFSI in DOL/DME (v/v=1:1)
electrolyte. The Li" transference number was calculated from the ratio of steady state current to

initial state current according to the following equation:

Equation 9 #;+ = I/Ip
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where 7;;+ 1s transference number, while s and Ip represent the current at the steady state and initial

state, respectively.

3.5.11 The relationship between Young’s Modulus and dendprite suppression

The model developed by Monroe and Newman show that that dendrites become unstable
when the interfacial stability parameter Ap changes from positive to negative.[195] For the
interface between lithium and polyethylene oxide (PEO), this transition occurs when

Equation 10 Gpeo/GLi = 1.65

where Gpeo and Gy are shear moduli of the polymeric electrolyte and lithium metal, respectively.
While the shear modulus G is related to Young’s modulus, E, as

Equation 11 G = 0.5 E/(1+v)

where v is the Poisson's ratio of the material. In case of metallic Li and PEO, v = ~0.4 and vpeo =
0.33, respectively, leading to GLi = 0.5 ELi/(1+0.4) and Gpeo = 0.5Epeo/(1+0.33). Then, the
threshold condition Gpeo/GLi = 1.65 for Li/PEO interphase transforms into 1.4Epeo/1.33ELi = 1.65
or

Equation 12 Epeo/ELi = 1.53

Note that the threshold condition in Equation 10 is dependent on Poisson's ratios of materials on
both sides of the interface as can be seen by examining Figure 3.3, Figure 3.4 and Figure 3.6 in
the original paper by Monroe and Newman.[195] However, the current battery literature is
conceptualizing Equation 10 as condition for dendrite suppression not just for PEO but for any
material disregarding the dependence of the 4u threshold and respect Gpolymer/GLi On Poisson's ratio
of the polymer. Examples of such approach in the current electrochemical literature are

multiple.[240]-[245]
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While being a deviation from the original expression for displacement functions (Eq. 16
from 2005 Monroe-Newman study) [195], such simplification driven by materials properties used
in practice is justified because the Poisson's ratio of solid semi-crystalline and amorphous polymers
vary in a narrow range of values.[246]-[248] The same logical path can be taken considering
Equation 12 leading to a modification of the original expression Equation 10 as Epolymer/ELi =
1.53. Note that this expression is consistent with the Monroe-Newman framework of continuum
mechanics and the assumption of small deformations and Hookean-elastic regime as well as
subsequent elaborations on the theory of dendrite growth.[100], [195] Some of these points were

also discussed in our prior publication [25].
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3.6 Supplemental Information

Figure S 22 (A to F) The SEM images of the surface view and side view of np-ANF membrane with different thickness
made by sequential deposition of nanofiber strata. (A and B) np-ANF membrane with one layer, (C and D), np-ANF
membrane with three layers, (E and F), np-ANF membrane with five layers.

Comment: While we used Layer-by-Layer (LBL/LbL) assembly to engineer the np-ANP
composite, the single bilayers (i.e. ANF+PDDA) are thicker than the typical nanometer-scale
bilayers from polyelectrolytes observed in LBL-made materials in the past. There is a distinct

possibility that ANFs are depositing in the non-linear (exponential) fashion, which can lead to
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the gradual increase in layer thickness over multiple consecutive cycles due to diffusion-

in/diffusion-out mechanism.[249]-[251]
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Figure S 23 DSC curves comparison of np-ANF and CelgardTM 2400 membrane. The np-ANF membrane shows

excellent thermal stability with no obvious phase change until 500°C. The superior thermal tolerance could effectively

prevent internal short-circuit at elevated temperature. In comparison, CelgardTM 2400 decomposes sharply at 300
°C and exhibits an endothermic peak at 122 °C.
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Celgard™ 2400 np-ANF

Figure S 24 Hot solder iron test on np-ANF and CelgardTM 2400 membrane at 150°C with increase time. The time-
lapse photography demonstrates a clear difference between two membranes of np-ANF and CelgardTM 2400 on a
150 °C hot plate. The np-ANF remained unchanged, showing good thermal stability, while CelgardTM 2400

membrane shrank strongly.
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Figure S 25 Photographs of static liquid electrolyte contact angles of different separators at different rest time. 1 M
LiTFSI with 2 wt% LiNO3 in DOL/DME (v/v=1:1) was used as a liquid electrolyte.
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Figure S 26 The magnified SEM images of the surface view np-ANF membrane made after three deposition cycles.
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Figure S 27 Pore size width distributions of the np-ANF membrane obtained from Barrett-Joyner-Halenda (BJH)
analysis.
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Figure S 28 (A-B) SEM image of surface of CelgardTM 2400. (C) The pore size width distributions of the CelgardTM
2400 obtained from Barrett-Joyner-Halenda (BJH) analysis.
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Figure S 29 Comparative evaluation of Young’s modulus and internal resistance normalized to a standard CR2032
coin cell for np-ANF and other membranes. The internal resistance of np-ANF membrane is obtained by
electrochemical impedance spectroscopy (EIS) curve of Li/ np-ANF /Li in DOL/DME solution with a standard
CR2032 coin as shown in Figure S 30. The corresponding references and the list of abbreviations are given in Table

8.

Internal resistance(Q)
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Figure S 30 The impedance spectra of Li/ np-ANF /Li using standard CR2032 coin cell.
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Table 7 Tensile strength, tensile modulus and elongation at break of np-ANF and Celgard™ 2400 membrane

Thickness Tensile Tensile Elongation at
(um) strength modulus break (%)
(MPa) (GPa)
np-ANF 5.840.5 167.4+8.4 9.2+0.5 1.82+0.09
Celgard™ 2400 25+1.3 74.5+£3.7 0.17+0.02 43.842.2
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Table 8 Young’s moduli and internal resistances data for different materials for batteries.

Young’s
Membrane Description modulus | REF

(MPa)

PBO stands for Poly-p-Phenylene
PBO 2x10* [252]
Benzobisoxazole memberane

It stands for Cellulose/ Poly(vinylidene
Cellulose/PVDF-
fluoride-hexafluoropropylene composite 960 [253]
HFP
nonwoven

It stands for Cellulose/Polysulfonamide
Cellulose/PSA 250 [254]
composite membrane

It stands for Polyethylene co-polyimide
PE/PI 308 [255]
copolymer composite membrane

PVdF/PMIA/PVdF stands for PVdF/ Poly(m-
PVdF/PMIA/PVAF | phenylene isophthalamide) /PVdF nanofiber 30.3 [256]

composite membrane

It stands for PVDF-HFP/Sb,O3 composite
PVDF-HFP/Sb,05 7.52 [257]
membrane

PVDF It stands for PVDF porous membrane 62.08 [258]

It stands for Poly(ethylene oxide)/ceramic
PEO/ceramic 103 [259]
composite membrane
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It stands for PEO/polyhedral oligomeric

PEO/POSS 38.5 [260]
silsesquioxane composite membrane
It stands for (PEO/Aramid nanofibers)2oo
(PEO/ANF)200 5x10° [25]
composite membrane
It stands for Poly(methylmethacrylate) /Silica
PMMA/Silica 0.9 [261]
composite membrane
PAN gel It stands for Polyacrylonitrile gel membrane 0.4 [262]
It stands for Diglycidyl ether of bisphenol-A,
3D-GPE Poly(ethylene glycol) diglycidyl ether, 6.56 [263]
Diamino-poly(propylene oxide) composite gel
It stands Polyethyleneterephthalate nanofiber
PET 26.6 [264]
membrane
Nylon 6,6/S102 It stands Nylon 6,6/S10, composite membrane 88 [265]
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Figure S 31 High-resolution XPS spectra of retrieved np-ANF sample (A) from LiNOs solution (B) from Li»Sas
solution.
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Figure S 32 Cyclic voltammograms at different voltage scan rates of Li-S cells: (A) with np-ANF membrane and (B)
with Celgard™ 2400 membrane; (C-D) the linear fits of the peak currents for cells with np-ANF (C) and Celgard™
2400 (D) membranes.
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Table 9 lon-transport parameters for np-ANF membranes and Celgard™ 2400

Parameters np-ANF Celgard™ 2400
Li* transfer number 0.63 0.68
Dui+ (cm? s1) A (anodic peak) 9.263+108 9.693+10®
Dvi+ (cm? s71) B (cathodic peak) 5.310-10 5.129+10
Dui+ (em? s) C (cathodic peak) 0.421+10® 0.56710®
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Figure S 33 Lithium ions transference number for Celgard™ 2400 (A); np-ANF (B)
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Figure S 34 Cycling performance of Li-S batteries with np-ANF membranes with from one layer to four layers at
0.1C rate.
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Figure S 35 Electrochemical impedance spectra of Li-S batteries (A) before and (B) after cycling using Celgard™
2400 and np-ANF membranes, and corresponding equivalent circuits before (C) and after (D) cycling; notations: Ro
is interphase-contact resistance of the electrolyte and battery; R is the charge transfer resistance; R is the surface
film resistances; W;s is the Warburg impedance, CPE is a constant-phase element (CPE) attributed describing the

double layer capacitance [223], [227]
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Table 10 Fitting results of EIS plots in Figure S 35.

np-ANF Celgard™ 2400
Parameters
Before cycling | After 100 cycles | Before cycling | After 100 cycles
Ry Q) 5.6 7.2 3.9 11.2
R.//CPE«(Q) 255.4 93.6 166.1 162.8
Rst//CPEst (Q) - - - 56
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Figure S 36 Rate performance of Li-S cell with np-ANF membrane at a sulfur loading of 1.2mg/cm-2.
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Figure S 37 Cycling performance Li-S batteries with np-ANF membrane (A) at a rate of 0.5 C over 1000 cycles; (B)
at a rate of 1C over 1500 cycles; (C) at a rate of 2C over 2500 cycles at a sulfur loading of 1.2mg/cm
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Figure S 38 Electrochemical performance of the Li-S batteries with np-ANF with various sulfur loadings. (A) Charge
and discharge curve of Li-S batteries with np-ANF membrane at various sulfur loadings. (B). Rate performance of Li-
S batteries ranged 0.1C to 3C with np-ANF at a sulfur loading of 5.8mg cm.
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Figure S 39 SEM images of the lithium electrode with Celgard™ 2400 membrane after 250 hours cycles of
stripping/plating in /mol/L LiCFsSO; DOL: DME v/v = 1/1) at a current density of 2mAcm™2.
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Table 11 The summary of comparative performance for Li-S batteries with different structural designs of membranes

Electrochemical Performance

Functional Mermb Initial Current
unctional Membrane | §jscharge Capacit Capacit )
coating on to PP/PE capacié retgntioz fadlz ger density(IC | Number | REF
(mAhg!) (%) cycle(%) ;711)675 mA | of cycle
np-ANF 1268 85% 0.092% 0.1C 300
np-ANF 969 79.2% 0.02% 0.5C 1000
np-ANF 825 76.0% 0.016% 1.0C 1500
np-ANF 703 69.6% 0.012% 2.0C 2500
np-ANF 521 64.7% 0.01% 3.0C 3500
Graphene oxide 1170 32% 0.93% 1.0C 400 %2 19
Graphene oxide 920 T7% 0.23% 0.1C 100 %2 18
Graphene 1052 70% 0.1% 0.91C 300 %266
. . [229
SWCNT 1132 44.2% 0.19% 0.2C 300 1
0 0 [267
MWCNT 1073 47% 0.14% 1.0C 300 1
MWCNT/PEG 1206 52% 0.16% 0.2C 300 5268
Microporous o o [269
carbon/PEG 1307 45% 0.11% 0.2C 500 1
Carbon nanofiber 1270 74% 0.13% 0.5C 200 %182
. . [178
Carbon 1386 60% 0.20% 0.2C 200 1
o o [270
Carbon paper 1176 85% 0.15% 1.0C 100 1
Carbon black 1350 55% 0.09% 0.2C 500 %271
[272
N-porous carbon/PP 882 88% 0.024% 1.0C 500 1
N-doped-carbon 1123 60% 0.08% 0.2C 500 [273
nanowire 1
Cobalt/nitrogen co- [274
doped carbon | 865 71.2% 0.06% 0.2C 500 1
nanofibers
. . 230
C3Ny 1100 66% 0.07% 1.0C 500 1
- . . [275
TiOy/graphene 700 80% 0.01% 2.0C 1000 1
. o o [276
TiO,/CNTs 627 57.5% 0.17% 0.5C 250 1
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TiO2/Cas 1206 503% | 0.1% 0.5C 500 [277
]
TiO»/TiN 927 67% 0.017% | 1.0C 2000 %278
TiN 880 63.6% 0.091% | 1.0C 400 %279
NbN 815 75.8% 0.061% | 1.0C 300 [280
]
V,0s 880 91.2% 0.035% | 0.0667C | 250 %189
V,0s/carbon nanofiber | 1400 28.5% 0.07% 3.0C 1000 [231
]
ALO; 967 615% | 077% | 02C 50 [188
]
Al,Os/graphene 1067.7 75% 0.25% 0.2C 100 %225
ALO3/CNT 1287 63% 0.37% 0.2C 100 5190
Li@Nafion/PEP/ALO; | 924 77.2% 0.022% | 1.0C 1000 %281
Sn0, 622 68% 0.064% | 0.2C 500 %232
CooSs 986 83.1% 0.011% | 1.0C 1500 [282
]
LisTisO12/graphene 813.3 85.7% 0.03% 1.0C 500 %283
PEDOT-PSS 748 643% | 0.0714% | 1.0C 500 %284
MoS» 808 50% 0.083% | 0.5C 600 [223
]
MoS»/CNTs 1237 52.4% 0.061 0.5C 500 %285
MOF/CNTs 1101 50% 0.165% | 0.25C 300 %286
MOF/GO 612 1% 0.019% | 1.0C 1500 [158
]
MOF/SiO» 1400 029% | 0s57% |oic 100 %287
Ce-MOFs/CNT/PP 1021 82% 0.022% | 1.0C 800 %288
Ni3(HITP),/PP 851 84.1% 0.032% | 1.0C 500 %289
TisCo/CNTs 1240 51.6% 0.043% | 0.5C 1200 %233
MnO,/graphene/CNTs | 829 27.5% 0.029% 1.0C 2500 %290
NiFe/N-doped 812 40% 0.06% 2.0C 1000 L187
graphene 1
Glass fiber 630 80% 0.04% 0.5C 500 [291
]
Red phosphorus/PP 889 82% 0.036% 1.0C 500 %292
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[293

Nafion 781 60% 0.08% 1.0C 500
]
Nafion/GO 1057 46% 0.18% 1.0C 300 [294
]
PMIA 773.6 73% 0.045% 1.0C 600 [295
1
PMIA 1121.5 63.5% 0.06% 0.5C 600 [296
1
PD/PI 1404 63.4% 0.366% 0.5C 100 %297
PAA 600 56% 0.074% 0.5C 600 [298
]
PAH/PAA 1418 30% 1.4% - 50 [186
]
PAN/PMMA 1000 65% 0.175% 2.0C 200 %299
PZI 940 88% 0.012% 1.0C 1000 %300
Zny(benzimidazolate), 1272 58% 0.2% 025C 200 [301
(OH), ]
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Table 12 Comparison of electrochemical performance of the np-ANF membranes with that of recent publications in Li-S batteries
with various separators in the case of high sulfur loadings more than 3 mg cm-2

Electrochemical Performance
Sulfur _ _ :
Separator loading | Initial Initial Capacit REF
Membrane Cathode (mg cm- | discharge | areal y fade dceulgietnt (1C Numbe
2) capacity capacity | per - 67yS mA | T of
(mAhg!") | (mAhcm | cycle 1y cycle
np-ANF Cc/S 5.8 1018 5.9 0.085% | 0.1C 200
np-ANF /s 5.8 945 5.5 0.066% | 0.2C 500
MOSz-
Polymer C/S 4.0 ~800 ~3.2 0.2% 1.0C 400 [302]
/Celgard
g‘”sg/ Celgar | g 5.6 985 5.5 0.079% | 0.1C 200 [303]
V,0s/graphen¢/ ~0.102
Celgard C/S 5.5 780 43 o 0.1C 100 [304]
Red
phosphorus/P | C/S 5.0 620 3.1 0.194% | 0.3C 100 [292]
P
Co/NCNS/CN 0
T/ Celgard C/S 5.0 1134 5.67 0.108% | 1.0C 500 [305]
C3N4/Celgard | C/S 5.0 1134 5.11 0.51% 0.1C 40 [306]
NbN/PP C/S 4.0 815 3.3 0.08% 1.0C 300 [280]
MOF/PAN rGO/S 7.7 1102 8.5 0.17% 0.2C 50 [307]
Li@Nafion/P o
EP/ALO; rGO/S 7.6 1087 8.26 0.114% | 0.2C 300 [281]
TiOo/TiN/Cel | Graphene | , 5 493 2.1 0.033% | 1.0C 2000 | [278]
gard /S
N-porous o
carbon/PP CNT/S 6.0 977 5.8 0.047% | 0.5C 400 [272]
Cellulose
nanofiber CNT/S 3.0 ~830 ~2.5 0.05% 0.1C 200 [308]
paper
II\,I“(HITP)Z/ P lonts |80 1055 8.4 0.071% | 0.5C 200 | [289]
Carbon
D-HVS/PP | nanofiber/ | 9.2 905 8.3 0.237% | 0.2C 120 [309]
S
Ce- Carbon
MOFs/CNT/P | nanofiber/ | 6.0 993.5 5.9 0.054% | 0.1C 200 [288]
P S
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MOF/PVDF

Carbon
cloth/S

5.8

1269

7.46

0.13%

0.1C

200

[310]
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Table 13 The summary of comparative performance for Li-S batteries at high temperature

o . | Electrochemical Performance
peratio Electroly
Membran | Cathode | ¢ gptlﬁl Cape;cg dCurrfant te REF
. material temperat | discharge |y fade | density Number | (LiTFSI)
ure capacity per (1c = | of evele
() (mAhg") | cycle 1675 mA Y
(%) g
np-ANF | C/S 80 146 |o1s% |oic |10 | 2E
np-ANF | C/S 80 801 0.081% | 3C 500 1(\14318“1)
EZ@(;)I@L C/S 80 897.1 02% | 5C 200 S/?l?)HD [311]
CuNWs-
GN/PILL | C/S 80 817.8 024% | 0.5Ag" | 50 (DOLAD |13y
70 ME)
AN@AP | ¢/ 75 ~700 | 0220% | 1.0C 00 |\ 1o
Carbon
Celgard” ~0.444 (DOL+D
M 9395 ganotube/ 70 ~750 o, 2.0C 150 ME) [312]
T
Sezlfggd %r;lflslene 70 1032 0.047% | 2.0C 300 S/?S)HD [313]
PE S@pPAN | 60 8203 |- 02C | 200 (TTEF;P” [314]
Li@Nafio
n/PE/Al, | RGO@S | 60 1172 0.059% | 0.2C 500 g/?g)“D [281]
O3
7 | Porous
Sezlfggd graphene/ | 60 ~590 0.297% | 1.0C 80 gg)“D [315]
S
r | Alucone LiPF¢
Sezlfggd coated | 55 1065 0.152% | 0.1C 300 (EC:DE | [316]
C/S C:EMC)
- | S@CNTs
%’fggd /Co3SaN | 50 953 0.082% | 0.2C 300 %:))“D [317]
B,
SEE C/S 50 450 0.16% | 2.0Ag’ | 300 S/?S)HD [318]
DOL:D
Celgard” | Mesopor ~4.067 ( =y
g0 | omcis |43 ~1180 v 0.1C 10 E/;E.BTF [319]
ggf;;eﬁn C/S 45 ; 0.770% | 0.1C 50 1(\1/?8“]3 [320]
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Table 14 Multiparameter comparison with various modified separator for Li-S batteries in the form of glyph plots.

Discharg Discharse Sulfur | Operati

e Capaci tg Cycle Capacity CE loadin | onal

Capacity 1 Cp Y | number | Retention (%) g Temper | REF

0.1C (mAhg") 1C (%) *) | (mg/c | ature

(mAhg) & m) | (C)
This work 1268 889 1500 76 98 5.8 80
GO/Celgard | 1403 1100 400 32 98 1.1 22 [219]
N-porous
P 1257 851 500 88 98 6.0 22 [272]
ZZVCN T/Celg | 1374 1073 300 47 9 |12 |2 [267]
Carbon
vaper/Celzard | 1367 1176 100 85 96 1.2 22 [270]
MoS,/Celgard | 1300 1007 2000 42 98 4.0 22 [302]
Red
phosphorus/P | 1200 889 500 82 99 5.0 22 [292]
P
CooSs/Celgard | 1360 986 1500 83 98 5.6 22 [282]
Ni3(HITP)»/PP | 1186 879 500 84 99 8.0 22 [289]
MOF@GO 1072 612 1500 71 98 0.7 22 [158]
MnOy/graphen
JONT: 1259 960 2500 275 99 237 |22 [290]
PAN@APP 1310 815 400 77.8 99 1.8 75 [192]
Ce-
MOFs/CNT/P | 1200 1021 800 82 99 6.0 22 [288]
P
Li@Nafion/PE
PO, 1398 924 1000 77.2 99 7.6 60 [281]
Pzl 1095 940 1000 85 99 5.8 25 [300]
LiyTisOpx/grap
hone/Colgard | 1408 813 500 85 98 1.1 22 [283]
PEDOT-PSS | 914 748 500 64.3 99 2.9 22 [284]
PMIA/Celgard | 944 773 600 73 98 0.6 22 [295]
Z’rg/ TiN/Celg | 1,5 790 2000 85 99 43 22 [278]
NbN/Celgard | 1400 815 300 81.7 99 4.0 22 [280]
g afion/Celgar | o4 718 500 60 98 053 |22 [293]
C3N4/Celgard | 1200 1100 500 66 99 5.0 22 [230]
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Chapter 4

Bioinspired Quasi-Solid Electrolyte with Tunable Porosity

4.1 Abstract

Among beyond Li-ion chemistries, Li-S batteries have been widely investigated because
of their high theoretical energy density, low cost, and environment-friendliness. However,
polysulfide shuttle and dendrite formation limit practical applications of Li-S batteries. We present
a selectively ~ permeable quasi solid  electrolyte from  ANF, Lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI), and PVA (ALPS) composites inspired by
biological filtration mechanisms, namely glomerular basement membrane (GBM). The 3D
network and related properties of ALPS are designed with the help of 3D graph theory, where the
filaments are denoted as edges and junctions are represented as nodes. With tunable pore size and
selective permeability, ALPS suppress dendrite formation and polysulfide shuttle while providing
a passage for Li-ion with high tortuosity. Polysulfide blocking and dendrite suppression
cooperatively provided a high initial capacity of 1482 mAh g at 0.1C. This bioinspired model
can be modified and extended for various high energy density applications, including but not
limited to portable medical electronics, electric vehicles (EVs), and unmanned air vehicles

(UAVS).
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4.2 Introduction

The high theoretical specific energy density (2600Wh/kg) and high specific capacity
(1675mA/g), along with the natural abundance and low toxicity of sulfur, have been attracting
significant attention for the development of an alternative battery system to replace traditional Li-
ion batteries which suffer from safety and capacity/energy density limitations in various
applications. There are at least two significant hurdles on the way to the realization of the potential
of Li-S batteries. The first problem is that lithium-polysulfides (LiPS, Li>Sx, 2<x<8) are soluble in
liquid electrolytes and migrate to the anode, where they form a passivating layer obstructing cell
performance. The second problem is the growth of Li dendrites, which will penetrate through the
ion-conducting membranes separating anodes and cathodes (aka separators). Both issues lead to
the irreversible loss of active material, low Coulombic Efficiency, and short cycle life. Despite
many significant achievements over the last ten years of intense research on Li-S batteries, the
practical resolution of these problems remains vague.

Physical confinement of LiPS using carbonaceous materials has been extensively used to
resolve this problem by retaining them in the nanostructured pores in the cathodes[165], [184],
[329], [330], [321]-[328]. Graphene nanosheets[331], [332], or conductive polymers[333] were
also used to envelope sulfur particles. Along with suppressing the LiPS leakage from cathodes,
these carbonaceous materials function as additional electron conduction and pathways, partially
enhancing the cycling performance of Li-S batteries. However, Li-S cell cathodes made from non-
polar carbonaceous hosts still generally suffer from rapid capacity fading over long-term cycling
(>300 cycles) because the relatively weak intermolecular interaction between the non-polar
hydrophobic carbon and the more polar hydrophobic LiPS species is not sufficient to prevent

diffusion of LiPS[321], [334]. Another approach to LiPS management is to block their transfer
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from cathode to anode using structural design and coating of separators. This is accomplished by
blocking interlayers between the cathode and anode containing LiPS absorbers such as metal
oxides/sulfides/carbides/nitrides,[335]-[337] and functional polymers[338]. These layers are
deposited on conventional separators (e.g., Celgard™) and restrain LiPS diffusion by physical
adsorption between the barrier layers and polysulfides[339], [340]. The molecular design of pores
in the separators enables their ion-selectivity in ion-transport. For example, ion-selective Nafion-
based membrane rejects the passage of negative ions of LIPS due to the electrostatic
repulsion[341], [342]. The Li-S cell with the Nafion-based separator showed a cycling decay of
0.08% per cycle within 500 cycles at a current density of 1C. Similar strategies have been proposed
for LiPS trapping by separators with Al.O3[188] and metal-organic framework (MOF)[172], [343],
[344] coatings. When a typical 70 wt% sulfur-containing mesoporous carbon composite was used
as the cathode material, the Li—S cell with a MOF-based separator achieved a low capacity decay
rate of 0.019% per cycle over 1500 cycles at a rate of 1C, and there is almost no capacity fading
after the initial 100 cycles[343].

Several approaches have been taken to reduce the dendrite growth of lithium and other
dendrites. These methods include the utilization of a variety of dendrite suppressing additives and
electrolytes. Considering the stringent weight and safety requirements of batteries, these measures
are unlikely to be sufficient for EVs. The utilization of separators with high stiffness effectively
suppresses the growth of dendrites. This strategy, again, encounters the fundamental materials
bottleneck with combining transport and mechanical properties. For example, polyacrylonitrile
(PAN) separators can suppress the formation of lithium dendrites due to their high modulus of 3—
4 GPa[345]. However, it was not possible to realize a EV-suitable Li-S battery with such separators

due to slow ion transport. Design approaches for preparing materials with high ion conductivity,
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and high stiffness have also included nanocomposites that provided diverse opportunities to
manipulate the pore structure and mechanics of the separators. The nanoscale composites based
on Al>Os/UV-cured ethoxylated trimethylolpropane triacrylate (ETPTA),[346] POSS/PEG,[260]
and SiO2/diglycidyl ether of bisphenol A (DGEBA)/polyetheramine,[347] have been made, but
none of them were eventually suitable for Li-S batteries.

Out-of-box approaches to engineering materials are needed to address this fundamental
challenge. Here, we design and implement a new generation of aramid nanofiber (ANF) composite
separators that effectively suppress LiPS poisoning and dendrite growth on anodes in Li-S
batteries, enabling Li-S batteries combining high energy density and long cycle life — a concept
inspired by the glomerular basement membrane which consists of laminin, type IV collagen,
nidogen, and heparan sulfate proteoglycan[348]. We present a facile technique to produce ANF-
separator with tunable ANF/PVA ratios for the structural reorganization of composite separators
to optimize tortuosity and the pore structures. Notably, ANF-PVA composites replicate the
composition of cartilage[349] but using inexpensive abiotic compounds. ANF mimics the stiff
collagen nanofibers of cartilage, while PVA mimics the soft polymeric component of cartilage
represented by proteoglycans. Likewise, natural filters such as the glomerular basal membrane
(GBM), a specialized extracellular matrix between podocytes and endothelial cells, have a role in
selective ion passage[348], [350], [351]. Like GBM, A 3D reconstruction of ANF, Lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI) and polyvinyl alcohol (PVA) (ALPS) offers the
tunable pore size structure which confines the intermediate soluble polysulfides by
electrochemical apertures rather than allowing them to diffuse to the lithium anode, while acted as

ion-transfer sites for positively charged (Li*) as well as negatively charged species (TFSI").
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4.3 Results

We engineer structures that mimic biological pores and filtration mechanisms in ANF
mesh, filled with PVA and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (Figure 4.1),
which is a hydrophilic lithium salt. Our choice for selecting PVA as the soft component of ion
conductive membrane includes its excellent miscibility in a variety of solvents and high ionic
conductivity. We focus on the surroundings of the Li* ion, for which stable sites are expected to
be located along the PVA chains. Hence the exact geometry of the ANF scaffold is of secondary
importance, the most significant characteristic being the pore size and structure. In particular, pore
size in ANF network decreases with the increased ratio of PVA, which might be due to the
nanoporosity within the porous ANF and its tunable pore size that can be suitable for the PVA
chains to entangle into the pores. Adding LiTFSI into the ANF/PVA dispersion further change
average pore size by altering the 3D nanoarchitecture and introducing directionality to pores
(Figure S 40). 3D reconstructed ANF, LiTFSI, PVA separator, the so-called "ALPS", consists
various sized pores and the pore size can be optimized by changing the PVA ratio to obtain ALPS
with excellent textural parameters. The excellent structural integrity well retains the high ionic
conductivity and large specific surface area as well as high flexibility and strength of ANF (Figure
S 41, Figure S 42), together with tunable pore sizes and surface properties. The narrow size of
nanopores in ANF-PVA composites combined with temperature resilience and strength of ANFs

largely suppresses dendrite growth and block polysulfide species for lithium metal anodes.
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Figure 4.1: Schematic illustration of interactions of ANF, PVA, and LiTSI with a simple vacuum-assisted filtration
(VAF) fabrication method.

The size of the pores will be significant structural parameters to be evaluated and controlled
in these separator prototypes. Highly structural 3D network of load-bearing nanofibers can
suppress the growth of the dendrites and provide sufficient space for the passage of lithium ions

(Figure 4.2 G-H). The tip of dendrites has a typical dimension of 20—80 nm (Figure S 48).[25]
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Figure 4.2: Characterization of ALPS (A) Optical Image of ALPS. (B-D) SEM Images of ALPS in different ANF-
LiTFSI-PVA ratios. (E-F) AFM images of pure ANF vs ALPS. (F-G) AFM images of surface pores on ALPS.

The pore size of the separator can be controlled by varying the amount of PVA used in the
filtration process as increased PVA decreases pore size, indicating that the pores of ANF are
partially filled with bead-like PVA chains (Figure 4.2 E and F). The pore wall consisting of thin
layers of PVA chains allows the narrow size of canonical nanopores with an average entrance size
of =20 nm in ANF/PVA composite (Figure 4.2 G and H). The smaller pores in the 3D network
correlate with stronger obstruction of LiPS diffusion. ALPS’ smoothness indicates their uniform
thickness of ~3.8 wm and structural homogeneity (Figure 4.2 C and D). Moreover, ANF hinders
crystallinity of PVA to contribute ionic conductivity (Figure S 45). Atomic force microscopy
images of ANF/PVA display a dense and uniform interconnecting network of thin nanoscale ANF,
PVA polymer chains and integrated LiTFSI salt (Figure 4.2 E and F). Inter and intra molecular
H binding of ANF and PVA is shown around 3280/cm in FTIR spectra (Figure S 46). Such
morphology provides the structural prerequisites for combining diverse and opposing properties,

including high ion conductance, stiffness, and efficient distribution of local strains as well as high
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thermal stability (Figure S 43-Figure S 44). Moreover, this unique combination also promotes

electrolyte wetting of the separator for gel formation (Figure S 47).
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Figure 4.3: Electrochemical performance of the Li-S batteries with ALPS. (A) CV profiles with ALPS at a scan rate
of 0.1mVs; (B) Electrochemical impedance spectra of Li-S batteries. (C) Galvanostatic Charge Discharge Profiles
at Various C-Rate (ranged from 0.1C to 3C with ALPS vs Celgard (D) Galvanostatic Charge Discharge Spectra at
0.2C; (E) Voltage Capacity Profile of ALPS (F) Stable cycling of Li//ALPS//Li cells.

The cyclic voltammetry (CV) curves recorded at a scan rate of 0.1 mVs™ (Figure 4.3A)
show two sharp cathodic peaks and two continuous anodic peaks, in agreement with the
discharge/charge voltage profiles. The Li-S cell exhibits almost overlapped CV curves for the
initial three cycles, demonstrating the excellent reversibility of ALPS. The anodic peak which can
be divided into two peaks at around 2.4 V is attributed to the conversion of lithium sulfides to
polysulfides and lithium sulfur. The cathodic peak at around 2.0 V corresponds to the reduction of
sulfur to higher order polysulfides (Li2Sx, 4 < x < 8), while the peak at approximately 2.3 V labeled
as C is related to the reduction of higher-order polysulfides to lower-order polysulfides (such as

Li>S4, Li2S3, Li2Sz) and LisS.
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Moreover, the ALPS cells having 5X salt (ALPS 45) possesses lower charge-transfer
resistance (Figure 4.3B) than that of those having 1X (ALPS 41) and 3X (ALPS 43) salt, implying
the improved electrochemical activity and fast Li/Li* redox kinetics of the ANF/PVA nanoarray
structure.

Most importantly, even after prolonged cycling over 500 charge/discharge cycles at C/5,
the cells using ALPS delivers reversible specific capacity above 1400 mAhg? with 85% of their
initial capacity retained, which corresponds to a small capacity decay of 0.03% per cycle. It is
worth noting that the small fluctuations with cycling detected in the first 120 cycles could be
attributed to the inhomogeneous distribution of polysulfides on the ALPS nanofiber network and
the reactivation of lithium sulfides formed on the lithium anode owing to the lack of SEI protection
during the initial charge process. The assembled ALPS cell can stably cycle with an average
Coulombic efficiency of 99.98%. One can also notice that a competition between shuttle effect
and capacity decay during charging could lead to a noticeable influence on the measurement,
achieving Coulombic efficiency between 100% and 105% in the first several cycles.

The voltage profile of the cells using ALPS is shown in Figure 4.3E. Consistent with
results from cyclic voltammetry, the discharge curve displays bi-stability corresponding to the
conversion from long-chain polysulfides to short chain polysulfides (Li»Sx, 4 < x < 8) at around
2.0 V and the phase change from liquid Li2S4 to solid short-chain Li.S, and Li»S at around 2.3 V.
The cells using ALPS show specific capacity of 190 mAhg? between 2.3 and 2.0 V, confirming
that reduction of Li>Sg to Li>S4 has high efficiency. Remarkably, the discharge capacity of the cells
using ALPS was set as 1250 mAh/g at a current rate of C/2.

The cycling testing (Figure 4.3C) shows that the ALPS still helps improve the cycle

stability of the battery. The average Coulombic efficiency of the cells using Celgard™ over 60
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cycles was relatively low (~90%), which is caused by the local LiPS flux due to the much-
decreased resistance across the conventional separator, creating “hot-spots” near the area of the
pinhole for rough Li deposition on the lithium electrode. The ALPS improved the Coulombic
efficiency significantly by 10% (~98%), which is likely due to the trapping of the LiPS by the
separator with cartilage-like ANF/PVA nanofibrous composites that reduced the parasitic
reactions within the coin cell components. The capacity can be recovered for both cells using ALPS
and Celgard, respectively, and keeps almost steady in the subsequent 60 charge-discharge cycles
in both cases, confirming good cyclability. Figure 4.3C also shows the excellent rate capability of
the ALPS cell compared with the Celgard™ counterparts, further demonstrating the robustness of

ANF separators. The ALPS cells retain ~750 mAh g even at the high rate of 3C.

Figure 4.4: Prototypes Powered by Pouch Cells with ALPS. (A) Nail Penetration Test. (B) Health Monitoring Device
(Apple Watch). (C) Robotic Prosthetic developed by Rouse Group (https://opensourceleg.com/). (D) 60 pouch cells
covered hood of Nissan Leaf.

As a proof of concept for the utilization of ALPS for structural energy storage needs, we
fabricated pouch cells and conducted standard safety tests, including nail penetration test (Figure
4.4A) and then the cells into Apple watch (Figure 4.4B), robotic prosthetics (Figure 4.4C) and
Nissan Leaf (Figure 4.4D). Pouch cells did not catch fire and did not even lose functionality after

nail penetration due to the high mechanical properties and thermal stability of ALPS.
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4.4 Conclusion

Inspired by extracellular matrix of kidney filtration system, glomerular basement
membrane, 3D reconstruction of ANF composites along with tunable pore size cooperatively
suppress dendrite formation and polysulfide shuttle while preventing any detrimental effect on
efficient lithium-ion transport between electrodes. Ability to modify pore size and porosity along
with high mechanical and thermal stability make quasi solid ALPS a safe alternative to current
solid, liquid electrolytes by addressing challenges such as the risk of fire originating from liquid,

flammable electrolyte leakage or rigidity and volume expansion.

4.5 Experimental Method

4.5.1 Preparation of the ANF and ALPS.

As previously reported, 1 g of Kevlar 69 (from Thread Exchange) and 1.5 g KOH were
mixed in 500 mL of dimethyl sulfoxide (DMSO for two weeks at room temperature resulting in a
dark red solution of ANF. Simultaneously, 2gr PVA was dissolved in DMSO at 90°C for 2 hours
before mixing with 1M LiTFSI in DME:DOL (1:1). Chemicals were purchased from Sigma

Aldrich without further purification.

4.5.2 Structural Characterization

The morphology of ALPS and Li dendrite were inspected with a scanning electron
microscope (SEM, TFS Helios 650 Nanolab SEM/FIB), and Bruker Atomic Force Microscopy.
Rigaku XRD and Thermo Fisher FTIR instruments are used to understand crystallinity and
interaction between copolymers. Pore structure is analyzed by Leica STED Microscopy with the

following method:
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Labeling: 10ug/mL Abberior STAR635-SE and 1.49mM DST (disuccinimidyl tartrate)
were dissolved in DMSO. The sample membrane was placed in this labeling solution overnight
at room temperature. The ANF surfaces contain dense free secondary amines. The dye's
succinimidyl ester reacts with these amine groups, but at a relatively slow rate. Performing this
reaction in DMSO (rather than the more typical alkaline aqueous solution used when labeling
primary amines) slows the rate of hydrolysis of the succinimidyl ester, allowing the dye to bond
to the fiber. The competes with the STAR635 for amine groups to prevent saturation and reduce
the chances for self-quenching of the dye.

Fluorescent Imaging: STED super-resolution fluorescence microscopy was performed on
a Leica SP8, with 635nm fluorescence excitation and 775nm depletion wavelength. Scan size and
pixel resolution were adjusted to achieve approximately 20nm/pixel resolution, and axial slices
were taken with 200nm intervals. We found samples could be imaged up to a depth of
approximately 10um before scattering became prohibitive. STED images were further

deconvolved with Huygens software.

4.5.3 Mechanical Tests

The mechanical tests of the membranes were performed on a TA XT Plus Texture Analyzer
(Stable Micro Systems Ltd.) instrument at room temperature, with the test of longitudinal direction
carried out at a rate of 2mm min~*. The film was cut into rectangular strips of 20 mm x 5 mm.
Hardness was tested by Bruker Nanointendation. The thermal stability of membrane was analyzed
by TA Instruments Discovery thermogravimetric analyzer (TGA) with a temperature ramp to 700
at 10 °C min—1 in nitrogen at a flow rate of 30 mL min* and differential scanning calorimetry

(DSC) with a temperature ramp to 500 at 10 °C min! in nitrogen at a flow rate of 30 mL min~.
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4.5.4 Electrochemical Performance Tests

Standard 2032-coin cells (MTI) were used to evaluate the electrochemical performance of
the lithium sulfur batteries. The C/S cathode was fabricated by following a typical melt-diffusion
strategy. The conductive carbon and sulfur powder are mixed with a mass ratio of 3:6 by milling
and stirred at 155 °C for 10 hours to allow Sulfur transition in Carbon pores. The cathode slurry
(sulfur/carbon and poly(vinylidene fluoride 9:1) was mixed in N-methylpyrrolidone (NMP) at
80°C for 12 hours. The slurry is coated on Aluminum foil before drying at 60°C in a vacuum oven
for 24h. The resulting sulfur loading was about 1.2 mg cm™2. The capacities were calculated based
on the mass of sulfur in the cathode. 1M LiTFSI in DOL/DME (v/v = 1/1) was used during the
fabrication of ALPS and electrolyte with the addition of LiNOs. The cycle performance of
assembled coin cells was tested in an Arbin battery cycler at various C-rates within a voltage range
of 1.5-2.8 V. Pouch cells are made in a dry room. Both CV and EIS were performed on Metrohm
Autolab (Autolab Potentiostat and Solartron 1260 frequency response analyzer). The CV was
scanned between 1.7V and 2.8V at a speed of 0.1mV/s. The EIS was carried out from 100 kHz to
0.05 Hz with a potential amplitude of 20 mV. The resulting Nyquist plots were fitted to an
equivalent circuit to find the Ry, and ionic conductivity is calculated by following the equation:
o= L/RvA, where L is the thickness of the film, Ry is the bulk resistance, and A is the contact area

of the membrane.

125



4.6 Supplementary Data

Figure S 40: STED Image Reconstruction of ALPS 3D Structure

126



400

| —— ANF/PVA
350 - — ALPS 43
Celgard

300
250
200

150

Stress (MPa)

100

50

-50 Y y T v T ' T y T 1 1
-10 0 10 20 30 40 50 60

Strain (%)

Figure S 41: Stress-strain curves for ANF/PVA, ALPS43 and Celgard 2400.
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Figure S 48: SEM Images of Lithium Dendrite

134



Chapter 5

Conclusion

5.1 Summary and Overall Conclusion

In this dissertation, the potential use of bioinspired aramid nanocomposites for structural
energy storage applications has been investigated. The aim was to combine high mechanical
properties with high ion transport to enable safe, efficient structural batteries. Prototypes have been
tested in various battery chemistries, including Zn-MnO; and Li-S and different structural energy
storage applications from health monitoring devices, robotic prosthetics to EVs.

First, inspired by cartilage structure and function, we developed a novel solid electrolyte
from ANF and PEO to address the poor cyclability of Zinc batteries originating from stiff zinc
dendrites. High mechanical properties of ANF based PZB-931 successfully block dendrite
formation and enable Coulombic efficiency of 96-100% after 50-100 charge—discharge cycles.
We also integrated this battery into a UAV and successfully extended flight duration by ~20%
depending on the original UAV battery capacity.

Mimicking ion channels in the cell membrane, we fabricated a nanoporous separator from
ANF and PDDA LbL assembly to address dendrite formation and polysulfide shuttle in lithium
sulfur batteries. 1nm of average pore size physically limits the passage of >2nm polysulfide species
from cathode to the anode side and allows fast transport of Li-ion for efficient battery cycle.

Negative surface charge density along with 1nm diameter physical barrier led +3500 cycles. lon
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flux in nanochannels is simulated in COMSOL for better visualization and understanding of
underlying physics and chemistry.

Inspired by the natural filtration system, particularly basement membranes, we engineered
an ion-selective gel membrane for lithium-sulfur batteries as a quasi-solid electrolyte from ANF
and PVA. As pore size and porosity are central parameters in ion transport, engineering the 3D
network of the membrane with desired properties is crucial. GT description assists in
understanding the relationship between the 3D structure and material properties and guide us to
fabricate desired architecture with required properties. Tuning pore size and porosity can modify
ion transport rate and selectivity and enhance battery performance by minimizing parasitic
reactions originating from undesired ion passage between electrodes. In addition, gel electrolyte
enables structural utilization of lithium-sulfur batteries by addressing safety concerns such as the
excess amount of flammable electrolyte. This also contributes to the battery cell's mechanical and
thermal stability, increases performance at elevated temperatures, and provides safe functionality
under extreme damage.

Overall, inspiring by nature and advancing by computational models (GT and COMSOL),
engineering of multifunctional ANF nanocomposites can address common performance
challenges and safety issues of zinc and lithium battery chemistries for realization of safe and

efficient structural energy storage.

5.2 Future Work

The following future work is proposed to further reveal the uncovered potential of
biomimetic ANF composites for addressing challenges in various energy storage platforms due to

high mechanical and thermal stability.
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5.2.1 Further Understanding the Relationship between 3D Network Structure and Properties by

3D Graph Theory

We are currently utilizing GT for the 2D analysis of nanofibers. To have a more realistic
quantitative analysis, 3D GT needs to be further improved to help us understand the relationship

between material 3D geometry and property.

5.2.2 Addressing Fast Charge Problem in Portable Electronics and Electric Vehicles

Environmental concerns, limited availability, rising cost, and increasing demand in the
chemical industry necessitate reduced use of fossil fuels in transportation. Sustainable energy
sources and efficient storage systems have been utilized to reduce the carbon footprint by
switching to electric vehicles (EVs)[352]. However, limited range and long charging times hamper
the widespread adoption of EVs compared to traditional gasoline-based cars. The urgent need for
fast charging batteries, ideally charging to more than 80% in less than 15 minutes with greater than
500 cycles, requires a dedicated research effort.

Lithium-ion chemistries have recently attracted considerable attention for EV applications
owing to their higher energy density and fast charging potentials. The high theoretical specific
energy density (2600 Wh/kg) and high specific capacity (1675 mA/g), along with the natural
abundance and environmental friendliness of lithium-sulfur (LiS) batteries, make them a great
candidate for fast charging and safe driving EVs [156], [353]. However, the diffusion of lithium
polysulfides (LPS, Li2Sx, 4 <x < 8) [157] from cathode to anode drastically reduces their cycle
life, overall capacity, and Coulombic efficiency [158]-[161]. Additionally, LPS layers passivate
both electrodes, leading to a significant increase in impedance and energy loss [162]. The non-
uniform surface layer of anodes promotes plating and dendrite growth on the lithium surface,

representing another challenge for Li-S batteries; dendrite growth is known to cause short-
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circuiting and overheating a condition which is exacerbated with increasing charge rates. Thus, the
lack of efficient, selectively permeable, and robust ion conductors (>10° S/cm) has been a
significant shortcoming hampering the realization of fast and safe charging EVs.

Emerging ceramics-based solid-state electrolytes are considered the current benchmark for
ion-conducting membranes; however, their brittleness and low interlayer contact lead to significant
safety and performance issues., the sulfur cathode of Li-S batteries dissolution of lithium sulfide
in organic liquid electrolytes during the electrochemical process also pose safety risks related to
fast-charging energy storage. The high mechanical properties of ANF composites will also
suppress Li dendrite formation, increasing battery stability and performance. We expect to reach
current densities >10mA/cm? and areal capacities >10mAh/cm?, thereby reducing EVs charging
time by at least two times. The combined development of computational models and ANF
materials with engineered ion channels will also open the door for optimization of ion-selective

membranes for other types of batteries in the future too.

5.2.3 Utilization of ANF Ceramic Solid-State Electrolyte for Li Metal and NMC Batteries

The market for Li Metal and NMC batteries is growing due to their widespread use in EVs.
To address the challenges of high ionic conductivity and mechanical and thermal stability, ceramic
embedded ANF can be used as a solid-state electrolyte to address the dendrite formation problem
of Li metal and the stability issue of Ni-rich NMC cathode chemistries. While ANF scaffold
provides a flexible host, ceramic particles provide high ionic conductance, and this combination

has a great potential to achieve the DOD’s Battery 500 targets (i.e., 500Wh/kg energy density).
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