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In realization of carbon neutral and sustainable society, it is an imperative duty to develop giant energy

storage systems for solar/wind power plants and for electrified automotive vehicles. Rechargeable lithium (Li) metal

battery, once abandoned three decades ago due to the safety issues, has been gaining increasing attention from the

battery scientists again to surpass the energy density of the contemporary Li-ion cells. One approach to stabilize the

interface between Li metal and organic liquid electrolytes is to passivate the Li surface by protective coatings, which

can reduce permeation rate of the liquid electrolyte and improve the morphology of electroplated Li deposits. In

Chapter 1, recent progress of the protective coatings is summarized, and the material properties are categorized

according to the proposed protection mechanisms. Ion conduction through the inorganic coatings is determined by

the intrinsic ion conductivity of the material itself and independent from the liquid electrolytes. In contrast, the ion
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conductivity of polymer coatings is dependent on the swelling behavior in the liquid electrolytes. However, there is a

dearth of understanding on factors controlling the swelling ratio of polymer coatings and the influence on

ion-transport properties. To answer these questions, we carry out quantitative analysis on the effect of solvent

polarity and cross-link density to the ion-transport and rheological properties of a polymer coating in Chapter 2. In

Chapter 3, we develop a gel polymer electrolyte for Li metal battery, which can stabilize the surface of Li metal by

in-situ formation of robust passivation layer. The electrolyte also possesses a safety feature which can shut-down the

battery cycling under the condition of abusive thermal runaway. In addition to the energy storage systems, we also

study an electrochemical method to recover energy from waste heat resources. In Chapter 4, we report the method of

using vaporization of a volatile redox couple to achieve the highest conversion ratio of voltage (Seebeck coefficient)

generated from the temperature gradient. This dissertation contributes to the development of high-density energy

storage system and waste heat recovery by leveraging the multifunctional electrochemistry and through the

molecular designs of electrolyte materials.
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Chapter 1 Recent progress and future perspectives of protective coatings for lithium metal anodes

1.1 Introduction

Booming popularity of electric vehicles requires batteries to increase the energy density to more than 500

Wh kg'.[1] Conventional Lithium(Li)-ion battery has achieved excellent cycling performance through the

intercalation chemistries, however, the low theoretical capacity of graphite anode limits the energy density of the

battery. Li metal anode uses reversible electroplating and stripping of metallic Li to store energy.[2] The theoretical

capacity of Li metal anode (3860 mAh g!) is ten times higher than the value of graphite (372 mAh g™!). Therefore,

Li metal is regarded as the anode for next-generation high energy density Li batteries. Li metal anode is widely

studied for the application in both liquid-electrolyte-based and all-solid-state batteries. Advantages of

liquid-electrolyte-based Li metal battery are the fast ion transport at the electrode-electrolyte interface, and the

mature battery mass production process. Recently, liquid electrolyte based Li metal battery with an energy density of

300 Wh kg! and 86% capacity retention for 200 cycles is reported.[3] However, the cycling life still needs to be

improved for practical applications.

Failure of Li metal battery often stems from the Li anode side: The Li metal foil, initially of a shiny

metallic color, turns black after several cycles, because the Li metal forms a microporous and mossy structure

(Figure 1-1a).[3,4] The surface of this mossy Li metal is covered with a passivation (solid electrolyte interface, SEI)

layer, and isolation of these Li microparticle from the current collector (formation of “dead Li”) results in loss of

anode capacity.[5] Furthermore, the porous Li metal with high surface area promotes the side reactions and quickly

consumes the liquid electrolyte, which results in increased cell impedance.



Several strategies have been reported to improve the cycle life of Li metal anode, primarily based on the

hypotheses of minimizing reactions between lithium metal and the electrolyte and maintaining electric contact

between deposited lithium metal particles. These approaches include: 1) electrolytes with low chemical reactivity

with Li metal, for example using highly concentrated salt or fluorinated solvent;[6—8] 2) additives to passivate the

surface of Li metal and regulate the morphology;[9,10] 3) surface modifications of the polymer separator;[11,12] 4)

current collectors with 3D framework to guide the deposition of Li metal;[13—16] 5) surface pretreatments of Li

metal or the current collector with a protective coating to stabilize the interface between Li metal and electrolyte

(focus of this review); 6) high external pressure to promote flat depositions of Li metal.[17,18]

Protective coatings are ion-conductive or electrolyte-permeable layers underneath which Li metal can be

electrodeposited (Figure 1-1b). As Li ions pass through the coating layer, the ion flux becomes more homogeneous

at the electrode surface, leading to uniform Li metal deposition.[19,20] The protective layer also reduces the contact

area between the electrolyte and Li, thus suppresses the side reactions. In contrast to SEI layer formed by the side

reaction inside the battery, protective coatings for Li metal can be viewed as a preformed, artificial SEI layer. The

composition of the coating materials can be tuned to optimize the ionic conductivity, the mechanical strength, and

the permeability to the solvent.[21,22]

Previously, protective coatings were reviewed as one approach to stabilize the electrolyte-Li metal

interface, as reported by Archer, Cui, Zhang et al, respectively.[2,20,23,24] More recently, a comprehensive review

covering the interface engineering at Li metal anode was published by Zhang et al.[25] These reviews provide

excellent and extensive summaries of synthesis approaches for protective coatings, and descriptions of how different

coatings improve lithium metal anode cycling performance.



The continuous publication of many peer-reviewed studies on the protective coating motivated us to focus

our review on works published from 2017 to 2019. We chose references reporting the results of Li||Li symmetric

cycling, Cu||Li CE test, Li||cathode cell test with well-described testing conditions (discussed in Section 1.5) to

allow precise comparisons among different coating materials. Instead of providing a comprehensive account of

published literature, this review attempts to analyze reported literature based on how different coating materials

accomplish both protective and ion-conducting functions simultaneously and the intrinsic tradeoff between them.

We hypothesized that the protection mechanism of coatings to be: 1) mechanical suppression of dendritic Li; 2)

reduced side reaction by chemical selectivity. In addition to these two protection mechanisms, ionic conductivity is

an essential feature of the coating, because Li ion is required to transport through the layer.

Chapter 1 is organized as the following: proposal of the functioning mechanisms of the coating layer based

on previous studies of interfacial physics and chemistry between Li metal and the electrolyte (Section 1.2), review of

various techniques for the preparation of coating layers (Section 1.3), the characterization techniques of the coatings

(Section 1.4), and the performance evaluation of the coatings (Section 1.5). The protective coatings are divided into

inorganic materials (Section 1.6) and polymeric materials (Section 1.7), and the material properties and the

stabilization effect on Li metal are discussed in detail. Composite coatings of inorganic and polymer materials are

also discussed in Section 1.7. Based on the reported results and discussions, we provide guidelines for designing

effective coating layers and suggest testing protocols to rigorously evaluate the performance of protective coatings

on Li metal under practical cell conditions (Section 1.8).
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Figure 1-1 Porous morphology of electroplated Li metal after long period of cycling. (b) Dense morphology of Li

metal electroplated underneath the protective coating. The coating also protects Li metal from side reactions with the

electrolyte.
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Figure 1-2 (a) Mechanical suppression of dendrite growth. A coating layer with high shear modulus (> 8 GPa)
promotes Li metal deposition at the concave regions to reduce the surface roughness. (b) Selective conduction of Li

cations through the coating layer. Less permeation of solvents and anions reduces the rate of side reactions with Li

metal.

1.2 Protection mechanism and key requirements for the coating layers



Protection mechanism of coating layers on Li metal can be categorized into two types: Mechanical

suppression of Li dendrite; and high selectivity toward Li ion transport. For the mechanical suppression, a

theoretical calculation by Newman et al. showed that compressive forces on the Li metal surface can promote Li

deposition at the concave area, if the surface layer has more than two-times higher shear modulus than Li metal

(Figure 1-2a).[26,27] This theory supports the basic idea of using hard inorganic materials to suppress the dendritic

growth of Li metal. For example, a ceramic solid ion conductor, LisLa;Zr,O1, (LLZO), has the shear modulus of

56-61 GPa, one order of magnitude higher than the value of Li metal (4.25 GPa) to effectively suppress the Li

dendrites.[28]

Unlike inorganic materials, the shear modulus of organic polymer materials (e.g. 26.2 MPa for PEO [29])

are significantly lower than the value of Li metal to validate the Newman model. Srinivasan modified the Newman

model by taking into account for the plastic deformation of Li metal under a high mechanical pressures.[30] The

authors showed that increasing yield strength of the polymer layer (i.e. lower elasticity) promotes plastic

deformation of Li metal and hence suppresses Li dendrite. In contrast, Archer et al. showed increasing

viscoelasticity of electrolytes suppresses the Li dendrite growth based on the theory of electro-convection.[31,32]

This theory supports the stabilization effect of Li metal by soft and gel-like polymer coatings.[33,34]

Selective lithium ion transport means the coating layer selectively conducts Li ion while expelling solvent

or anion molecules from Li metal surface (Figure 1-2b). Li ion is always solvated by solvent molecules or

anions,[35-37] and the contact between the Li metal and solvent molecules/anions is inevitable during the

electrodeposition. The contact between liquid electrolytes and Li metal triggers side reactions and decreases the CE

by consuming the active Li metal. Desolvation of the solvent/anion molecules from the coordinating Li ion at the



coating surface can solve this problem. Solid state electrolyte has ideally the highest selectivity for Li ion

(transference number = 1), because Li ion migrates via hopping mechanism in the crystal structure. Abe and Janek et

al. respectively reported that Li-ion transport at the interface between liquid electrolyte and solid state electrolyte has

the highest activation energy and is the rate-limiting step.[38,39] This activation energy is related to the desolvation

energy of solvent molecules from Li ion.[38] Additionally, Janek reported the formation of inorganic/organic

composite layer at the interface between the solid state electrolyte and the liquid electrolyte, which increases the

interfacial resistance.[39]

Solid state electrolytes are the ideal coating material for selective transport of Li ions; however, the layer is

brittle and usually has cracks and voids. At the plating step, Li metal can eventually grow through these defects and

reach the liquid electrolyte. In contrast, polymer materials can realize uniform and defect-free coating thanks to the

soft and deformable nature. The disadvantage of using the polymer materials is, however, the selectivity toward Li

ions is generally lower than the inorganic solid ion conductors. To enhance the selectivity of polymer coatings,

understandings on the swelling ratio of polymer films in the electrolytes is critical, as this parameter is closely

related to the chemical selectivity (or repelling ability) of the polymer against the solvents. For example, Whitesides

et al. reported swelling ratio of PDMS in various solvent systems.[40] PDMS shows one order of higher swelling

ratio in ether solvent such as THF and dimethoxyethane than in carbonate solvent such as DMC. This result

indicates PDMS film repels more carbonate solvent than ether solvent. It is important to note that less solvent in the

polymer film results in lower ionic conductivity because ion conduction is carried by the solvent molecules

incorporated inside the polymer. Therefore, the balance between the chemical selectivity and ionic conductivity must

be precisely tuned by swelling ratio of polymer film in the electrolyte.



To summarize, there are four major requirements for protective coatings in Li metal battery. 1) uniform and

crack-free coating layer to build a uniform current distribution over the entire electrode surface. High Li-ion flux at

the cracks leads to dendritic growth of Li metal. On this point, flexible polymeric coatings have advantages over

brittle inorganic coatings. 2) Mechanical properties such as high shear modulus, high yield strength, and high

viscoelasticity of the coating help to suppress Li dendrite growth. High mechanical strength also enables the coating

layer to survive long-term cycling of batteries. 3) Chemical selectivity toward Li ion over solvents/anions to reduce

the rate of side reactions and increase the lifetime of Li metal anode. 4) High ionic conductivity, because a sluggish

ion conduction builds up concentration gradient of Li ion and promotes dendritic plating of Li metal.[19] In addition,

at high-rate charging/discharging, the energy loss by Ohmic resistance can be minimized by higher ionic

conductivity.



13 Approaches for the formation of protective layers on Li metal surface

Various approaches have been reported to form protective coatings on Li metal surface. The range of

obtainable thickness is dependent on the coating methods, as summarized in Figure 1-3a. Depositions using

gas-phase precursors (e.g. ALD, MLD, sputtering, see below) generally produce thinner coatings with thicknesses

ranging from couple of nanometers to hundred nanometers. Methods using solution-phase precursors (e.g. spin, dip,

cast, and spray coatings) generate submicron to a few micrometer thick coatings. Furthermore, the coating methods

can be categorized into those using inert substrate (Figure 1-3b—d), and those using reactivity of Li metal to initiate

the formation of coating products (Figure 1-3e, f).

ALD is a versatile technique of preparing high-quality thin layer of inorganic materials.[41] Based on the

sequential and self-limiting chemical reactions, gaseous precursors deposit on a solid surface layer-by-layer at a

growth rate of a few Angstroms per cycle.[42] For example, a thin film of LiF can be prepared by ALD from

t-BuOLi and HF  (Figure 1-3b).[42] In addition to the nanometer-level control of the thickness, ALD produces a

smooth and uniform coating, which is beneficial for the protection of the electrode. MLD is a similar technique to

ALD and can prepare organic or inorganic/organic hybrid films.[43] The organic components provide flexibility and

functional groups to the film.[44] The working mechanism of MLD is pulsing two reactants to a solid surface

alternatively and the polymerization takes place in a layer-by-layer manner. For instance, Sun et al reported a

fabrication of polyurea layer on Li metal by MLD from ethylenediamine and 1,4-phenylene diisocyanate.[45]

Sputtering is also a versatile coating technique and able to deposit nanometer-thick film of metal or

oxide/sulfide materials on wide range of substrates.[46—48] Because sputtering technique only requires the vacuum

environment and the external field to ionize the noble gas atoms, it is more cost-effective to produce inorganic thin



films, compared to the ALD technique. MoS,, (Figure 1-3¢), AL,Os, and Li;PO4 coating layer were successfully

prepared on Li foil either by electron-based sputtering or by magnetron sputtering.[47—49]

For a solution-based precursor, spin, dip, cast, and spray coating methods are used to form protective

coatings. Spin coating produces a thin polymer film on a rotating disk as the liquid droplet is spread out by the

centrifugal force while the solvent evaporates.[S0] The coating thickness ranges from nanometers to a few

micrometers and is controllable through the rotation speed and the concentration of the polymer solution. Dip

coating is a simple method to produce a thin film by immersing the substrate into a polymer solution and drying in

air. Multiple factors affect the thickness and morphology of the coating layer, such as surface condition of the

substrate, the immersion time, the lifting speed, the number of dipping cycles, the operation temperature, and the

humidity.[51] Cast coating is a scalable and versatile technique to make thin polymer films, often used in both

laboratories and industries.[52] Thickness of coatings are tunable by various parameters, such as viscosity of the

polymer solution, volatility of the solvent, and the drying temperatures. To prepare a film by cast coating, a

homogeneous polymer solution is dropped on a flat substrate and casted with a blade, followed by a drying process.

Cast coating is suitable for thin layer preparation in a range of sub-micrometers to micro-level thickness.[53—55]

Spray coating uses a stream of fine droplets striking at the target substrates at high velocity to form a uniform

layer.[56] This technique is suitable for mass production due to its high efficiency, low cost, and high reproducibility.

For instance, Wei et al employed spray coating technology to fabricate a graphene oxide layer on Li foil (Figure

1-3d).[57]

Highly reactive surface of Li metal can be used as the initiator to grow protective coatings on top of the Li

metal. The thickness of protecting layer can be controlled by the reaction time and the concentration of the reactant.



Cui et al. used a solid-gas reaction of sulfur vapor on the reactive Li metal surface to form a homogenous Li>S layer

in-situ (Figure 1-3e).[58] LiF coating layers are prepared by the reduction of fluorine-containing gas on the Li metal

surface.[59,60] Hybrid silicate is synthesized by reacting vapor of MPS and TEOS on the surface of Li metal.[61]

Solid-solution reaction is also widely applied to produce a variety of coating materials on Li metal surface.

Wau et al reported a  simple method to coat a uniform LiF/polymer composite layer on Li metal surface by reacting

with PVDF dissolved in DMF (Figure 1-3f).[62] Polymerization of ethyl a-cyanoacrylate on the surface of Li

metal was reported by Cui et al.[63] LisPSs layer is produced on Li metal surface inside the battery by the

reduction reaction of Li»S¢/P2Ss in an ether electrolyte.[64]
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Figure 1-3 (a) Thickness range of the protective coatings achievable by the various techniques. Versatile coating
methods independent of surface reactivity of the substrate: (b) LiF coating on Li metal by ALD;[42] (c) MoS,
coating on Li electrodes by sputtering;[48] (d) Graphene oxide coating on Li foil by spray coating.[57] Li-specific
coating methods dependent on the reactivity of Li metal: (e) Li»S coating produced from the reduction of sulfur
vapor on Li metal surface;[58] (f) LiF/polymer composite coating formed from the reduction of PVDF solution in
DMF on Li metal surface.[62]

11



1.4 Characterization techniques for physical and chemical properties of the protective coatings

The characterization of surface coating on Li mainly focuses on the composition, morphology, and

mechanical property. Figure 1-4 summarizes the tools for characterizing the coating layer, SEI layer, Li layer, and

their interfaces. The EDX, XPS, XRD, FTIR, Raman spectroscopy, ED, and EELS are widely used for composition

analysis. The morphology of the protective layer, SEI layer, and Li are studied by SEM and TEM. [n-situ techniques

for the analysis of electrode-electrolyte interfaces are reviewed in detail by Wang et al.[65]

XRD is a rapid analytical method used for crystalline phase identification. Benefiting from the high flux of

synchrotron light sources, the current synchrotron based XRD allows us to identify the nanometer-scale crystalline

components such as Li, Li»O, Li,CO3, and LiF in the SEI layer.[58,66] Furthermore, the Operando synchrotron

XRD is currently under development, which is able to monitor the evolution of Li and crystalline SEI components

throughout plating and stripping of Li. Consequently, this technique provides qualitative and quantitative

information on chemically reacted Li, physically orphaned Li, and electrochemically active Li in real time.[1]

XPS is a surface-specific analytical tool probing the outermost region limited to 8-10 nm of the sampling

depth. To avoid the reactions between Li sample and air, the XPS for Li metal study is usually equipped with an

argon filled glovebox. Another approach to eliminate the air contamination is using a customer designed air-tight

sample transfer arm to send the sample from glovebox to the XPS. In addition to identify the chemical species, XPS

can quantify the ratio of chemical compounds at the sample surface. By etching the surface layer, the depth profile

of the chemical compositions from the outermost surface layer to the bulk regions can be analyzed.[22,58] The

depth profile of the coating layer produced from the solid-gas reaction of sulfur vapor and Li metal are shown in

Figure 1-4a as an example.[58] According to the S 2p and Li Is spectra, the outmost layer of the coating is

12



composed of multiple compounds such as Li,COs, Li;S, LiSO;, LiSO,, and LiSO4. In contrast, the main

components from the middle to the bulk layer are simply Li,S and Li,COs. The gradation of sulfide compounds

represents that the degree of sulfur reduction varies with the distance from the reductive surface of Li metal.

FTIR and Raman spectroscopy are often employed to analyze the composition of Li metal

surface.[55,61,62,67] ATR-FTIR is particularly sensitive to the sample surface and suitable for the surface analysis.

For example, a thin PVDF film coated on Cu current collector is analyzed by this technique (Figure 1-4b).[67] ATR

technique can be applied to in-situ analysis of SEI composition on the anode surface.[68] As such, in-situ

characterization of the protective coating during plating/stripping of Li metal can potentially provide useful

information on the swelling behavior or the compositional change in the coating. In-sifu stimulated Raman

scattering has been demonstrated to monitor the concentration gradient of anion at the electrolyte-Li interface, and

the growth of Li metal under a Li3sPO4 coating.[19]

SEM is frequently used to study the morphologies of the coating layer, the cross-sectional interface layer.

Observation of Li metal electrodeposited after varied times provides the time evolution of nucleation and growth of

Li metal particles or the dendrites inside the battery cell.[34,69] The intensity of electron beam used in SEM is much

lower than TEM, and therefore minimum beam damage is expected in SEM.[70] However, the resolution of SEM is

not high enough to observe a nanometer-thick coatings (those formed by ALD or sputtering techniques) and the SEI

layer. In contrast, TEM enables observation of SEI layer under the high-energy electron beam. The challenge of

TEM characterization has been the beam damage to thin Li and organic samples (Figure 1-4d, left), and then

cryo-TEM which operates at cryogenic temperature is developed by Cui,[71] Meng,[72] Kourkoutis et al.,[73]

respectively, to minimize the beam damage on Li metal (Figure 1-4d, right).[71]
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A few other analytical tools for elemental or chemical characterizations are often paired with electron

microscopies. EDX is generally combined with SEM to provide elemental mapping along with sample morphology.

Elemental Li is inactive in EDX analysis and therefore observed as a black region in the EDX mapping image. The

cross-sectional EDX mapping of the coated Li metal can identify the thickness and uniformity of the coating layer

on the Li metal. For example, cross-section of the MoS;-coated Li metal was characterized by Mo and S signals in

the EDX analysis, which shows that MoS; layer on Li foil is structurally stable, and the uniform film is observable

after 300 cycles..[48]

EELS provides abundant chemical information of the sample such as the atomic composition, chemical

bonding, and valence. EELS instrument is generally combined with TEM. In contrast to EDX, signals from light

elements such as Li is observable in EELS. Electron diffraction is another analytical technique combined with TEM

imaging to determine the crystal structure of the sample at a particle or even at an atomic level. Because high-energy

electron beam can damage organic samples and Li metal, cryogenic condition has been used in EELS (Figure

1-4¢),[73] electron diffraction (Figure 1-4d, inset),[71] to evaluate the chemical composition or determine the

crystal orientation of Li metal and the SEI layer.[74] Kourkoutis et al. combined cryo-STEM and EELS to obtain the

nanoscale structure and composition of intact SEI on Li metal, revealing the structure of Li dendrites and the SEI

layers. [73]

AFM probes the surface morphology and mechanical properties of the samples, which achieves high

vertical resolution of 0.1 nm.[63] AFM is unique for its capability of evaluating the Young’s modulus of the

coating layer by measuring the van der Waals forces between the probing tip and the surface.[22,75] Qian measured

the mechanical properties of Li3sP/LiCl coating layer on Li metal by AFM in peak force tapping (PFT) mode. As

14



shown in Figure 1-4e, LizP/LiCl layer on the Li surface shows high Young’s modulus, which suppresses the growth

of Li dendrites.[22,75]

QCM techniques measure nanogram-scale mass changes of the electrode during the electrochemical

reactions.[76,77] For instance, Sun et al. used QCM to evaluate the growth rate of polyurea on Li foil (Figure

1-4£).[45] QCM can quantify and accurately control the film thickness coated on Li foil, which has prominent

influence on the ionic conductivity of the film.
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Figure 1-4 Characterization techniques for the coating layers or the SEI layers on lithium metal anode: (a) Depth
profile of the XPS spectra of Li2S coating layer on Li metal after varied sputtering times;[58] (b) FTIR spectra of o
phase and B phase PVDF coatings;[67] (c) EELS elemental mapping of the SEI layer on Li metal;[73] (d) TEM
images of the Li metal dendrite observed under standard TEM (left); and under cryo-TEM (right), which is free from
the beam damage;[71] (¢) AFM image of Li3P/LiCl composite layer showing high Young's modulus of the
coating;[75] and (f) QCM analysis of the mass gain of polyurea thin film growing on Li metal.[45]



15 Morphology of Li metal and electrochemical method to evaluate the protective function of coating layers

Protective effects of a coating layer on Li metal are usually evaluated by observation of the morphology of

electroplated Li metal, electrochemical performance in a Li||Li symmetric cell, Cu||Li cell, and Li||cathode full cell.

An effective coating layer leads to a dense and dendrite-free deposition of Li metal even after extensive numbers of

cycles. Long cycle life and stable voltage curve in Li||Li symmetric cell, especially under large current and capacity,

indicate stable deposition of Li metal. CE in plating/stripping cycle of Li metal can be evaluated by Cul|Li cell and

enables a quantitative evaluation of Li loss during the cycles. Practical application of a protective coating can be

assessed by cycling the protected Li metal anode paired with a cathode. We briefly summarize the key information

obtainable from these characterization and cell testing, the required condition for the testing, and the way of

interpreting the results. This section is intended to make the comparisons of the protection performance more

comprehensive between different coating materials as discussed in Section 1.6 and 1.7.

1.5.1 Morphology of Li metal

SEM is a common tool to investigate the morphologies of the coating layer and deposited Li. SEM

measurements provides three key information. 1) Position of electrodeposited Li metal. To exert the protective

function of the coating layer, Li metal has to be deposited underneath the coating layer. 2) Morphology of

electrodeposited Li metal particles. Round shape and large particles (> 5 pm of diameter) has smaller contact area

with the electrolyte than fibrous and dendritic shape, and thus less side reaction is expected.[8] 3) Total thickness of

deposited Li metal on the current collector. To reduce the contact area with the electrolyte, low pore volume inside

the deposited Li metal is desirable. The porosity in Li metal can be evaluated from the total thickness of deposited Li

metal. A useful standard is that 1 mAh cm™? of Li metal with zero porosity yields a deposition thickness of 4.85 pum.
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Assuming an isotropic pore, total thickness as d um, the porosity in Li metal deposited after O, mAh cm™ can be

calculated from the formula, (d — 4.850,)/d.

15.2  Li|lLi symmetric cell cycling

Cycling the Li||Li symmetric cell at different current densities with various areal capacities is the first

approach to assess the performance of the surface protected Li. Voltage curves reflect the morphology evolution of

Li metal. There are two typical symptoms of cell failure due to the Li dendrite growth (Figure 1-5a). The voltage

suddenly drops to 0 V as a result of Li dendrites penetrating the separator and shorting the cell (Figure 1-5b, pure Li

metal).[S8] Another phenomenon is the dramatic increase of the cell polarization, which is also associated with

dendritic Li formation leading to high surface area porous Li deposition. (Figure 1-5b, Li,Sg preplant Li) The Li

metal with high surface area not only reacts with the electrolyte to generate highly resistive side reaction products,

but also absorbs the electrolyte into the pores. Although the cell is not shorted, the increase of the polarization and

unstable voltage curves indicate massive Li dendrites formation. Long-term cycling without apparent increase of

voltage polarization is a good indication of stabilization of Li metal (Figure 1-5b, Li>S-coated Li). Because Li metal

becomes less stable at higher current density and higher capacity, Li||Li cycling test at such conditions can clearly

show the validity of protective coatings. It is worth mentioning that the Li||Li cycling test fails to distinguish the

internally-shorted cell, when the voltage curve appears smooth and stable for long period of time, while the voltage

does not reach 0 V (often referred as soft short). Then, EIS test is required to prove the cell is not shorted.
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1.5.3  Coulombic efficiency

CE test is conducted in a two-electrode cell with Cu as the working, and Li as both counter and reference

electrodes. Li metal is repetitively plated on and stripped from Cu electrode. CE is calculated from the ratio of

stripping capacity to plating capacity (CE = Q4/Q;). CE less than unity means loss of Li metal in the plating/stripping

cycles. Influence of current density, Qs, Qp on CE and other cycling protocols is detailed elsewhere. [78] The

irreversible loss of the Li originates from either chemical reaction with the electrolyte to form SEI, or formation of

electrically isolated Li particles. The effectiveness of a protective coating is evaluated by comparing the CEs with or

without the coating covered on the Cu working electrode. An effective coating layer suppresses the irreversible

chemical reaction by reducing the contact between the Li and electrolyte and mitigates the formation of isolated Li

metal particles by promoting dense uniform Li deposition.

154  Fullcell

Lij|cathode full cell is the ultimate evaluation of the coating, which provides insight for practical

application. Depending on the compatibility between the coating and the electrolyte solvent, the cathode for the full

cell testing is usually LFP, sulfur, and NMC. Although there are reports of stable cycling at high current densities in

Li||Li cells, the reported current density used in Li||cathode full cell is usually much lower than the value used in

Li||Li cells. Cathode with high loading of active materials are required to test the full cell at higher current density.

The benefits from the coating are obvious when limited Li and/or lean electrolyte is used. For instance (Figure 1-5c¢),

high CEs of >99.8% are reported as Li efficiencies with more than 10-fold excess of Li in the full cell. However, the

excess Li means the reported efficiency value is really a measure of the cathode reversibility.[79] In comparison,

Figure 1-5d shows the performance of Li||[NMC 811 cells with one-fold excess of Li. Before the excess Li is
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consumed the capacity of the cell is stable and the CE is 99.93%, which represents the CE of the cathode.[80] Once

the excess Li is consumed, the capacity of the cell decay much faster and the CE of the cell reflects the efficiency of

the Li anode. Since the CE of the full cell with excess Li is basically the CE of the cathode, a proper way to evaluate

the CE of Li metal in a full cell is to test the anode free cell, which only utilize the Li from cathode side.
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Figure 1-5 (a) Schematic diagram of two possible Li failure mechanisms. (b) Li||Li symmetric cell cycling
with/without coating.[58] (c) Cycling stability of Li||LCO cells tested under 17-fold excess amount of Li metal.[79]
(d) Cycling stability of Li|[NMC811 cells tested with one-fold excess of Li metal.[80]
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1.6 Inorganic coating

Inorganic coatings generally possess high shear modulus and can serve as a physical barrier to Li metal

dendrite.[26,28] Table 1-1 lists the intrinsic shear modulus and ionic conductivity of inorganic materials used as the

protective coating on Li metal.Al,Os, fluorinated graphene (GF), LiF shows notably high shear modulus, while

sulfide-based materials such as MoS; and Li3PS4 shows lower shear modulus. Materials with high ionic conductivity

is expected to transport Li cations via hopping mechanism and show the highest selectivity toward Li cations.

Meanwhile, ion transport through non-conductive coating layer is only possible in the liquid electrolyte permeating

the layer, and therefore, the selectivity toward Li ion through non-conductive layer is limited. In short, high ionic

conductivity of inorganic coating materials directly leads to high selectivity of Li cation. This relation is only true

for single-ion conductor and not true for polymeric materials (Section 1.7).

Coating uniformity is the essential factor which determines the performance of inorganic coating. Presence

of defects, grain boundaries, and pores in coating layer significantly reduce shear modulus, ionic conductivity, and

the Li* selectivity. Most of the inorganic coatings is directly formed on the Li surface by ALD, sputtering, or

solution-phase reaction (Table 1-1). Then, high-pressure compression or high-temperature sintering to eliminate the

defects in the coating layer is not available,[81] because those processes result in deformation or melt-down of

metallic Li.

Performance of inorganic coating is often evaluated as the cycling life of Li||Li symmetric cell (Table 1-1).

Longer cycle numbers at higher current density and higher capacity indicate superior protection effect on the Li

metal. However, one must note that Li metal foil used in the cell is usually very thick (>250 pum), corresponding to

nearly 50 mAh cm2 in capacity. Given such an excess amount of Li as a reservoir, the cycle life of the cell is
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determined by the rate of electrolyte consumption or cycle life before internal shorting, rather than by the

consumption rate of metallic Li. Measurement of CE or use of thin (controlled amount of) Li foil is highly

recommended to evaluate the reduction rate of side reactions by protective coatings (Section 1.5.3).
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Table 1-1 Conditions and cycle numbers of Li||Li symmetric cells with various inorganic coatings on the Li metal.
Note thick Li metal foil (> 250 pm) is used in the test. Reference for ionic conductivity at room temperature:
LiF=ref[82]; Al,Os=ref[83]; LiPON(Li33PO33No22)=ref[84]; LizPSs=ref[81]; Li;P=ref[85], Reference for
shear modulus: LiF/LiCl=ref[86]; Al:Os;=ref[87]; LiPON=ref[88]; Li;PSs=ref[89]; MoS,=ref[90];
GF=ref[91]
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1.6.2  lonically non-conductive materials

1.6.2.1 Lithium halide

LiF is a major SEI compound formed from the decomposition of fluorinated salts or fluorinated organic

solvents.[92-94] Because Li metal generally shows stable cycling in those fluorinated electrolytes, LiF is believed to

protect Li metal surface. Rochefort et al. reported that Li metal immersed in FEC solvent can be cycled in

acetonitrile (1 M LiPFs as the salt), a solvent known to react with Li metal.[95] XPS and AFM analysis of the SEI

layer on Li metal after the immersion in FEC revealed the existence of LiF, LioCOs3, and polymeric compounds. The

authors suggested that the soft polymeric components also play the important role in protecting Li metal surface.

Mechanism of ion transport and the exact ionic conductivity in LiF is still unclear today. A theoretical study

showed defects in LiF can contribute to the ionic conductivity.[96] Pan et al shows Schottky pairs are likely formed

at the anode side, and the ionic conductivity of LiF is estimated as 10! S cm™. On the cathode side, p-type defect is

formed, and the ionic conductivity of LiF is estimated as 10712 S cm™'. The authors suggested doping divalent cation

(e.g. Mg?") in LiF increases the carrier concentration and improve the ionic conductivity. Greeley et al. calculated

the conductivity of LiF to be in the range of 107-107'3 S cm™, much higher than the value reported by Pan et al.[82]

Li et al. reported that LiF thin film deposited on silica (0001) surface is structurally disordered, and the ionic

conductivity is experimentally evaluated as 6 x 107 S cm™ at 50 °C.[97] The cause of high conductivity is attributed

to the interface region between the amorphous and the crystalline phases in LiF. The authors reported thermal

annealing of the LiF film at a moderate temperature (350 °C) is the key to growing the amorphous-crystalline

interface.
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Several methods have been reported to form LiF layers directly on Li metal. Elam et al. used ALD with

t-BuOLi and HF as the precursors.[42] Cui et al. produced LiF layer by the direct reaction of fluorine (F») gas on Li

metal surface (Figure 1-6a).[60] The F, gas is generated from thermal decomposition of perfluoro-3-butenyl vinyl

ether (commercially known as Cytop) and diffuses to the Li surface to initiate the formation of LiF. Li||Li symmetric

cell with the LiF layer (380 nm) cycles for 300 cycles at 5 mA cm™, 1 mAh cm™ in an electrolyte composed of EC

and DEC with 1 M of LiPF¢ (Figure 1-6b). Wu et al. reported that Li metal immediately reacts with a DMF solution

of PVDF to form a composite film (300 nm thick in total) of LiF and polymers derived from PVDF.[62] Li||Li

symmetric cell with the LiF/polymer coating cycles for 300 cycles at 3 mA cm™ and 1 mAh cm™ in a carbonate

electrolyte (EC/DEC (1:1) + 1 M LiPFy).

LiCl is another Li halide salt having higher shear modulus (34 MPa) than Li metal. Yang et al. prepared a

LiCl/polymer composite layer from the reaction between C,Cls and LiOH on the Li metal surface.[98] Lithiophilic

nature of LiCl surface facilitates the Li* transport through the composite layer. The surface-modified Li||Li cell

cycles for 1000 hours without increase of voltage hysteresis at 2 mA ¢cm™ and 1 mAh ¢cm™ in ether electrolyte

(DOL/DME + 1 M LiTFSI + 2% LiNO3).

1.6.2.2 Aluminum oxide

An ultrathin coating of Al,O3 is commonly prepared by ALD technique (Section 1.3), using a reactive

organometallic precursor (trimethylaluminum) and water vapor. Nanometer-thin amorphous Al,O3 layer has been

proven to protect cathode materials from the decomposition reaction by HF in the electrolyte.[99] To understand the

ion transport through amorphous Al,Os layer, Wolverton et al. calculated the Li diffusivity as 2.7x107"* m? s! at 600
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K.[83] Based on this result, the conductivity of AL,Os is estimated as only 10°° S cm™ at 300 K. Such low ionic

conductivity requires Al;Os layer to be nanometer-thin to allow Li" diffuse through.

On the surface of Li metal, reduction of Al,O; produces LiAlsOg phase. Recent ab initio calculation shows

LiAlsOs has a lower Li-ion migration barrier (0.33 €V) and higher Li-ion diffusivity (3.6x1078 cm? s7!) than ALLO;

(2.69 €V, and 9.3x10* cm? s7!, respectively).[100] Therefore, LiAlsOs coating layer is expected to be a more ideal

single-ion conductive coating layer than AL,Os.

Hu et al. coated ultrathin layer of Al,Os3 on a garnet Li-ion conductor , LLCZN.[101] The lithiophilic nature

of Al,Ojs interface layer results in intimate contact between the Li metal and LLCZN, and the interfacial impedance

is reduced significantly. TEM/EELS analysis reveals that Al,Os; is converted into LiAl4O7 (another Li-ion

conductive phase) at the interface with Li metal. Their study provides a perspective for solving the inherent problem

of high interfacial resistance in all-solid-state Li metal batteries.[102]

Li et al. used magnetron sputtering to coat Al,Oj; layer directly on Li surface.[47] The authors compared the

Li||Li cycling life with different thickness of AlO; layer (0, 7, 20, 40 nm) in a carbonate electrolyte, and 20

nm-thick ALLO; layer showed the longest cycling life (> 1,000 hours at 0.5 mA cm™, 0.5 mAh cm™). Interestingly,

the authors observed Li metal deposited on top of the AlO; layer rather than underneath the layer. This result

indicates the ionic conductivity of 20-nm-thick AlOs layer is too low, and Li metal deposits through the cracks in

the Al,O;s layer.

1.6.2.3 Lithium methyl carbonate

LMC is another class of SEI component often observed in carbonate electrolytes.[103] Liu et al.

demonstrated that a uniform coating of LMC can be formed on Li metal surface by a selective demethylation of
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DMC, catalyzed by Lil (Figure 1-6¢).[104-106] Because LMC is soluble in EC/DMC solvent, the electrolyte is

saturated with LMC powder to suppress the dissolution of the LMC coating layer. The CE of Li deposition of

LMC-coated Li metal in LMC-saturated carbonate electrolyte (EC/DMC (1:1) + 1 M LiPFs + sat. LMC) is 96%,

which is higher than the efficiency in a commercial LP30 carbonate electrolyte (EC/DMC (1:1) + 1 M LiPF)

(Figure 1-6d).[105]

1.6.2.4 Lithium sulfide

Li,S is often observed on the Li metal anode in Li||S batteries due to the reaction between polysulfide and

Li metal.[107] Although the formation of Li,S on the anode decreases the amount of active sulfur, the solid Li,S

layer is believed to hinder the growth of Li dendrite. Cui et al. made a dense layer of Li>S (62 nm thick) on Li

surface via solid-gas reaction between vaporized sulfur and solid Li metal.[58] The CE of Li deposition is evaluated

by measuring the consumption rate of thin Li metal anode (10 mAh cm™ capacity) in a ether electrolyte (DOL /DME

(1:1) + 1 M LiTFSI), and the efficiency is 98.9%.

1.6.3 lon-conductive materials

1.6.3.1 Lithium phosphorous oxynitride

LiPON is an amorphous solid-state electrolyte, which can be prepared either by radio frequency reactive

sputtering or ALD techniques. Xie et al. coated 2 um-thick LiPON on both Cu current collector and Li metal, each

of which were assembled into a pouch cell.[108] The authors demonstrated prolonged cycle life in both

LiPON-coated Cu||LiCoO; cell and LiPON-coated Li||[LiCoO; cell. However, when NCA and elemental sulfur are

used as the cathode materials, LIPON coating deteriorates the cycle life. Because the capacity of NCA and sulfur is
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higher than the LiCoO,, larger amount of Li metal is deposited during the charging cycle, which leads to the crack

formation in LiPON layer and eventually causes the deterioration of the cycling performance.

To overcome this brittle nature of LiPON, Noked et al. put a 800-nm-thick polymer layer underneath a

LiPON layer (15 nm).[109] The polymer layer is prepared by electrochemical polymerization of DOL on Li metal

surface. However, thermal expansion of the underlying polymer layer during the 150 °C ALD process results in

formation of cracks in the top LiPON layer. After 100 cycles of plating/stripping, electroplated Li metal is observed

at the surface cracks in LiPON layer. Although the surface of Li metal is exposed to the electrolyte, the morphology

of Li metal was smooth and densely packed on top of the LiPON layer. This result indicates that the surface

composition of the substrate can alter the electroplating behavior of Li metal.

1.6.3.2 Lithium phosphorous sulfide

Li3PS4 is a glassy solid-state electrolyte widely used in solid state Li metal battery. Compared to garnet type

solid electrolyte, Li3sPS4 is more malleable and ductile, offering great processing ability to form a thin film.[110]

Li3PS4 can be synthesized from a solution phase, which enables a facile way to form a uniform coating on Li metal

surface.[111] Nazar et al. formed LisPS4 coating directly on Li surface by soaking a Li foil into a DOL/DME mixed

solution of LirS¢ and P,Ss.[64] The resulting layer is a mixture of conductive LisPS4 and non-conductive

phosphorous sulfide species. Thickness of the resulting LisPS4 coating was approximately 2 pm (Figure 1-6e). In

the electrochemical test, Li»S¢ and P,Ss are added directly into the electrolyte to form Li;PSy4 layer in-situ on the

surface of Li metal electrode. As a result, Li metal can be stably plated/stripped for 400 hours at a high current

density of 4 mA ¢cm2 (Figure 1-6f), and no dendritic nor mossy Li is observed during the cycling under the optical

microscopy. Sun et al. used an alternative pathway to form Li3PS4 layer on Li metal surface, where Li foil is soaked
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in a solution of P4Sisin NMP.[112] The authors showed improved capacity retention of Li||S battery with the LizPS,4

coating.

1.6.3.3 Lithium phosphide

Yang et al. prepared LizP from the direct reaction between Li metal and PCl3.[75] LisP is known as a fast

Li-ion conductor (10 S cm™ at room temperature).[85] The overpotential of LizP-coated Li||Li symmetric cycling

is reduced and achieves 100 cycles at 3 mA cm™ and 2 mAh cm™ in a carbonate electrolyte (EC /DMC/ EMC (1:1:1)

+ 1 M LiPFs + 5% FEC).

1.6.4 Mixed ion-electron conductor

1.6.4.1 Composite of metal and lithium halide

Nazar et al. formed a layer of lithium alloy (e.g. LiizIns, LiZn, Li3Bi, LizAs) by soaking a lithium metal in

THEF solution of metal chloride (MCly; M = In, Zn, Bi or As).[113] LiCl is a byproduct in the reaction and remained

in the alloy layer. The Lii3Ins coating layer shows particularly effective protection on Li metal. LisIns-coated Li||Li

symmetric cell cycles for 1200 hours at 2 mA cm™ and 2 mAh cm™in an ether electrolyte (DOL/DME (1:1) + 1 M

LiTFSI).

Xie et al. prepared a composite Li-Sn alloy/polymer layer by soaking a Li metal into a THF solution of

SnCly.[114] SnCly reacts with Li metal to form Li-Sn alloy and LiCl, while THF polymerizes into PTMEG. Li metal

with the composite coating becomes more resistant against water. With the Li-Sn/polymer coating, Li||Li cycling

achieves 1000 hours at 1 mA cm?/1 mAh ¢cm™ in an ether electrolyte (DOL/DME + 1 M LiTFSI + 1 wt% LiNO3).

In addition, a Cul|Li cell achieves 200 cycles at 0.5 mA cm %1 mAh cm™ with a CE of over 95%.
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Yan et al. reported a LiF/Cu composite layer prepared by the reduction of CuF, on the Li metal surface.[115]

LiF/Cu layer is mixed conductor and the electronic and ionic conductivities are 2.06 x 10 S cm™ and 1.79 x 10* S

cm!, respectively. CE of Li metal covered with LiF/Cu layer is evaluated as 96.3% under 0.5 mA cm™2 with 0.5

mAh cm™ in a carbonate electrolyte (EC/DEC (1:1) + 1 M LiPFe).

1.6.4.2 2D materials and carbon nanotube

2D materials such as graphene, GO, GF and MoS; can conduct Li ion in between the layered structures.

These layers are highly selective toward Li ion and expected to expel the solvent molecules from the Li metal

surface. Cui et al. studied electroplating of Li metal on Cu foil where the surface is covered with boron nitride or

graphene nanosheets.[116] Li metal plating through the 2D layers forms dense morphology, and the CE is increased

to 97% at the cycling condition of 0.5 mA cm™? and 5 mAh cm™ in a carbonate electrolyte (EC/DEC + 1 M LiPFy).

Choi et al. coated MoS; layer directly on Li metal via sputtering technique (Section 1.3).[48] The authors

demonstrated stable cycling of MoS;-coated Li metal at high current density (10 mA cm™) and large capacity (5

mAh cm™).

Qian et al. reported another composite coating of LiF with graphene fluoride (GF), which was prepared by

reacting GF with molten Li metal.[117] The GF-LiF coating suppresses growth of Li dendrite and enables stable

Li||Li cycling at high current density (10 mA ¢cm™) in a carbonate electrolyte. The coating is hydrophobic and

protects Li metal from moisture damage when exposed to ambient air.

Carbon nanotube (CNT) is an electron conductive material, and Li metal is expected to grow on the top

when placed on Li metal anode. However, lithiophobic nature of CNT prohibit Li metal to deposit directly on CNT

surface. Zhang et al. prepared a multilayer ZnO/CNT coating film with lithiophilic-lithiophobic gradient where the
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inner layer of CNT is coated with ZnO to alter the surface nature to be more lithiophilic, while outer layer of CNT

remains bare and lithiophobic.[118] The gradual increase of lithiophilicity of the ZnO/CNT film towards Li metal

surface guides uniform deposition of Li metal underneath the coating layer. Stable Li||Li cycling was demonstrated

under 10 mA cm with 1 mAh cm™ in coin cell, and 1 mA cm™ with 1 mAh cm in pouch cell.
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Figure 1-6 (a) TEM images of LiF coating on Li metal surface. (b) Li|[Li symmetric cell cycling in EC/DEC
electrolyte at 5 mA cm? and 1 mAh cm™? with/without LiF coating.[60] (c) Cross-sectional SEM images of Cu
current collector after 1 mAh ¢cm™ of Li metal is deposited (top) and then stripped (bottom) in 0.2 M Lil EC/DMC
solution. A layer of 1 um-thick lithium methyl carbonate (LMC) is observed on the surface. (d) CE of Li
plating/stripping on Cu current collector without coating, with LMC coating in normal LP 30 electrolyte (EC/DMC
+ 1 M LiPF¢), and with LMC coating in LP30 electrolyte saturated with LMC.[105] (e) Cross-sectional SEM image
of Li metal after 4 mAh cm™ of Li is plated in 0.025M of L,S¢/P2Ss (LSPS) ether solution. A layer of LizPSy is
formed on the Li surface. Scale bar = 20 um. (f) Li||Li symmetric cell cycling at 4 mA cm™ and 1 mAh cm™ in
DOL/DME electrolyte added with L>Se/P2Ss.[64]
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1.7 Polymer and polymer/inorganic composite coatings

Polymer coatings are more flexible, and elastic compared to inorganic coatings and thus more capable of

accommodating volume change during Li plating/stripping. Intimate contact between polymer layer and Li metal is

often observed because polymer itself or the liquid that swells the polymer wets the surface of Li metal better than

rigid inorganic precursors. Polymer can be made into a uniform film by spin coating, solution casting, and even

direct polymerization on Li metal surface. Thickness is controllable by the concentration of the polymer solution

used in the coating process or by the reaction times. Thinner coating can increase the ionic conductivity of the

polymer film, while thicker coating can enhance the film toughness and the selectivity toward the conduction of

Li*.[119]

In addition to film thickness, ionic conductivity of polymer films depends on the swelling ratio in the

electrolyte. Hildebrand solubility parameter is a square-root of intermolecular cohesive energy within a unit volume

of material (unit = MPa'??).[40] Solubility parameter is useful to predict the swelling behavior of polymers in

solvents: Polymer swells more in a solvent with similar solubility parameter as the polymer. Solubility parameter is

higher in polar solvent because of stronger dipole-dipole interaction. For example, solubility parameter of ethers

ranges between 15-20 MPa!”? (e.g. diethyl ether = 15.8; 1,4-dioxane = 20.5); linear carbonates range between 17-20

MPa'”? (e.g. DEC = 17.9; DMC =19.4); cyclic carbonates range between 27-30 MPa'? (e.g. PC = 27.3; EC = 29.6).

[40,120] Solubility parameters of polymer films used as protective coating of Li metal is listed in Table 1-2.

Solubility parameters of some polymers have not been reported in literature. In this case, we listed the solubility

parameter of the solvent which dissolves the polymer, since the solubility parameter of the polymer is expected to be

similar to the value of the solvent.

35



Polymer materials are categorized into three types based on the solubility parameters: Non-polar polymer
(Section 1.7.1) with solubility parameter below 16 MPa!?; polar polymer (Section 1.7.2) with solubility parameter in
the range of 20-25 MPa'’?; strongly-polar polymer (Section 1.7.3) with solubility parameter above 26 MPa'?. A
Polymer film swells and becomes ion-conductive only in a solvent with similar solubility parameter as the polymer.
Therefore, non-polar polymer coating is usually used with less polar electrolyte such as ether electrolytes to
maximize the film conductivity, except in the case the film has pores to let the solvent permeate through. Polar
polymer films are conductive in both less-polar ether electrolyte, and polar carbonate electrolytes. Strongly-polar
polymer films are only conductive in polar carbonate electrolytes. Chemical selectivity is generally observed in
strongly-polar polymer, which is advantageous as a protective coating of Li metal (Section 1.2). For example,
electrostatic interaction between Li* and sulfonate group enables a selective conduction of Li* through Nafion film
(Section 1.7.3.1). Dipole-dipole interaction between EC and nitrile group of PAN reduces the reactivity of EC with
Li metal (Section 1.7.3.2). On the other hand, polar group is generally at high oxidation state and therefore tends to
be reduced by Li metal. Addition of a designed functional group to the polymer backbone which can form a stable
SEI layer on Li metal can mitigate decomposition of both the coating layer and the electrolyte (Section 1.7.2.5-6).

Inorganic components such as LiF, Al,O3, L3PS4, graphene oxide can be mixed with polymers to increase
the mechanical strength of the protective layer. High shear modulus of inorganic compounds can suppress the
dendrite growth (Section 1.2). In polymer/inorganic composite film, the polymer matrix glues the inorganic
components together to enhance the film elasticity. Uniform distribution of the inorganic components, and the higher

degree of bonding between the inorganic and polymer phases are the important conditions to realize uniform current

distribution through the film.
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Coulombic efficiencies of Li plating/stripping on polymer-coated Cu or inert metal electrode (stainless steel)

are summarized in Table 1-2. High CE over 99% in a carbonate electrolyte was reported recently, which makes

polymer or polymer/inorganic composite a promising material for stabilization of the electrolyte-Li interface.
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Table 1-2 Conditions and CE of Li metal plating/stripping with various polymer or composite coatings on a flat

working electrode. (continued)
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1.7.2  Non-polar polymer

1.7.2.1 Poly(dimethyl siloxane)

PDMS is widely used because of the chemical stability against metallic Li, and the elastic property enables

PDMS to form a thin film.[121] The protective function of PDMS film is often evaluated in an ether electrolyte

consisting of DOL/DME as the mixed solvent, LiTFSI as the salt, and LiNOs as the additive. The ether electrolyte

itself shows high CE without any coating layer (>98.5%),[122] and the efficiency with PDMS film in ether

electrolyte shows limited increase. Meanwhile, PDMS coating enables longer cycle life (> 100 cycles) of Li

deposition/stripping, compared to bare electrodes.[54,123]

PDMS is a non-polar material and thus no Li salt can directly dissolve into this polymer.[124] The ion

conduction through the PDMS layer must be mediated by the solvent molecules dissolved inside the film. PDMS

film swells more in ether electrolytes because the solubility parameter of PDMS (15.5 MPa'?) is closer to that of the

ether electrolyte. In contrast, swelling ratio of PDMS is much lower in carbonate electrolytes, and thus the film is

non-conductive. Zhu et al. reported a treatment of PDMS film with hydrofluoric acid (HF) creates nanopores to

increase the ionic conductivity of PDMS film in carbonate electrolytes.[125] An average CE with the HF-treated

PDMS film in a carbonate electrolyte (EC/DEC (1:1) + 1 M LiPF¢) reaches 94.5%.

Bao and Cui et al. studied flowable PDMS films, which can deform as Li dendrite grows.[54] Dynamic

crosslinking between the polymer chains imparts fluid-like property to the coating layer and successfully suppress

the dendritic growth of Li metal. With the flowable PDMS film coated on Cu electrode, the average CE achieves

97.0% over 100 cycles in an ether electrolyte (DOL/DME (1:1) + 1 M LiTFSI + 1wt% LiNOs) at 1 mA cm™ and 1

mAh cm 2 The authors also reported fluid-like polymer film made from polyamine.[126] Biased random walk
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simulation suggests that reduced ion conductivity in the fluid-like polymer coating may contribute to uniform

deposition of Li metal.[126]

Nazar et al. used PDMS as an elastic polymer support for LizPS4 solid ion conductor.[127] LisPS4 powder

is cold pressed into a solid ion-conductive layer, and then the in-situ crosslinking among PDMS oligomers fills the

void inside the LisPSs layer. An average CE of 95.8% over 200 cycles (1 mA cm™2, 1 mAh cm™) is reported in an

ether electrolyte with the Li;PS4-PDMS composite coating. While the presence of PDMS clearly improved the

cycling stability, the moderate efficiency values indicate that significant electrolyte permeation takes place which

reacts with lithium metal.

1.7.3  Polar polymers

1.7.3.1 Poly(vinylidene fluoride) and poly(vinylidene fluoride-co-hexafluoropropylene)

PVDF can react with Li metal to produce LiF at the interface. PVDF film contains both polar and non-polar

phases, depending on the conformation of electronegative fluorine (F) atoms on the polymer chains: In a-phase, F

atoms take alternating trans-gauche conformation with antiparallel dipole moments, and thus a-PVDF film exhibits

nonpolar property; In B-phase, F atoms take all trans conformation with parallel dipole moments, and thus f-PVDF

film exhibits polar property. Wu et al. observed a flat deposition of Li metal on B-PVDF-coated Cu substrate, in

contrast to the dendritic Li metal on bare Cu (Figure 1-7a). [67] The CE of Li plating in an ether electrolyte reaches

98% in the first 10 cycles on a copper electrode coated with polar B-PVDF film (Figure 1-7b). Meanwhile, with the

nonpolar a-PVDF coating, the initial CE begins from only 85% and then gradually improves to 98% after 200 cycles.

The voltage hysteresis of polar f-PVDF coated copper is the same as the bare copper, while the hysteresis is doubled
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with non-polar a-PVDF coating. The polar B-PVDF film provides more conductive pathways to Li ion to diffuse

through the polymer coating and plate underneath the coating layer.

PVDF-HFP is a highly fluorinated version of PVDF possessing trifluoro methane group. Because of

uniform distribution of the dipole moment, PVDF-HFP is less polar than PVDF, and the surface energy is extremely

low.[128] Huang et al. reported a composite film of PVDF-HFP and LiF microparticles to increase the mechanical

strength of the polymer film.[66] The CE of Li deposition through the PVDF-HFP/LiF composite film in an ether

electrolyte with LiNO3 additive is 97.2%. Although the CE shows little increase from the bare Cu electrode, the

protected Cu||Li cell cycled longer than the control cell (120 cycles).

1.7.3.2 Poly(3,4-cthylenedioxythiophene-co-ethylene oxide)

PEDOT is an electron-conductive polymer, while PEO is a Li*-conductive polymer. The direct use of PEO

(solubility parameter = 24.0 MPa!2, [129]) as the coating layer is not feasible due to its solubility in common

organic electrolytes. Kim et al. reported the copolymer of PEDOT and PEO (PEDOT-co-EO), which is insoluble in

organic electrolytes and strongly adheres to Li metal surface.[130] PEDOT-co-EO swells in a carbonate electrolyte

(EC/DMC + 1 M LiClO4) and shows high ionic conductivity (3.5x10 S cm™). The cycled life of Li||[LiCoO cell is

increased when Li metal anode is coated with PEDOT-co-EO coating. Kim et al. also incorporated AlF; particles in

PEDOT-co-EO to form a composite coating.[131] AlF3 is expected to serve as a solid component to mechanically

suppress growth of the Li dendrite. As a result, the voltage polarization is reduced by this composite coating, and

cycling life of a Li||O> cell is extended.
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1.7.3.3 Alucone

Alucone is a hybrid metal-organic material where ethylene oxide units are bridged by aluminum cation.

Alucone is directly grown from Li metal surface by MLD with trimethyl aluminum and ethylene glycol as the

precursors. Elam et al. reported that the Li||Li cycling life is enhanced in a carbonate electrolyte with 6-nm-thick

alucone coating.[44] The morphology of electrodeposited Li is denser with the alucone coating, however, no

significant increase of the CE was observed despite a longer cycling life compared to the control cell.

1.7.3.4 Poly((N-2,2-dimethyl-1,3-dioxolane-4-methyl)-5-norbornene-exo-2,3-dicarboximide)

Ether-based organic electrolyte is known to show better cycle life for Li metal compared to carbonate

electrolyte. This exceptional stability is believed to be the result of decomposition of ether solvents on the Li surface

to form polymeric SEI layers. Wang et al. designed a copolymer, poly(Imide-DOL), where a DOL is attached to a

norbornene-exo-dicarboximide main chain poly(Imide-DOL).[53] The cyclic ether group decomposes on Li

surface to produce ether-based SEI layer, while the rigid cyclic carboximide group imparts stiffness to the entire film.

A moderate degree of polymer swelling in carbonate electrolytes provides ionic conductivity to the polymer film.

The CE of Li deposition/dissolution with this polymer coating is increased to 98.3% over 200 cycles in a carbonate

electrolyte with FEC as the additive (EC/EMC/FEC (3:7:1) + 1 M LiPFg). This efficiency is close to the value of

ether electrolytes.

1.7.3.5 Poly(vinyl sulfonyl fluoride-ran-2-vinyl-1,3-dioxolane)

Wang et al. also reported another type of copolymer, poly(SF-DOL) composed of DOL, and sulfonyl

fluoride (-SO,F, SF) groups.[22] SF group is reduced on the lithium surface to produce LiF as the SEI component

(Figure 1-7¢). GO nanosheets is mixed into the polymer layer to further enhance the interface stability. This
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polymer/GO coating is named as reactive polymer coating (RPC) after the designed reactivity with Li metal. CE of

Li metal deposition on a flat stainless-steel electrode achieves 99.3% at 1 mA cm™ and 1 mAh cm™ in a carbonate

electrolyte (EC/EMC/FEC (3:7:1) + 1 M LiPFs + 2%LiBOB). Poly(SF-DOL) coating is applied on a carbon-based

3D host, and the CE achieves 99.1% at high current density (2.0 mA ¢cm™2) and high capacity (4.0 mAh cm™2)

(Figure 1-7d). Poly(SF-DOL)-coated 3D host can be lithiated to form Li-containing anode and paired with NCM

523 cathode. Impressively, under limited amount of Li metal (1.9-fold excess) plated inside the RPC-protected 3D

host, and limited volume of electrolyte (7 pL mAh™), the Li||[NCM 523 cell retained 90% of the initial capacity after

200 cycles (Figure 1-7e).

1.7.4  Strongly-polar polymer

1.7.4.1 Nafion

Nafion is an ionomer where sulfonate group is tethered onto PTFE backbone. Nafion has two solubility

parameters, 21 MPa'?? (attributed to the PTFE backbone) and 31 M Pa'? (attributed to the ionic sulfonate

group).[132] By exchanging H" on sulfonate group to Li* (Li-Nafion), Li-Nafion selectively conducts Li* through

the ionic cluster formed at sulfonate group (i.e. high transference number of Li*).

Kim et al. laminated 4 um-thick Nafion layer on Li metal as the protective coating and used in a carbonate

electrolyte (EC/DEC + 1 M LiPFs).[119] FTIR spectroscopy on the Nafion film confirms ion exchange between H*

and Li* takes place during Li plating/stripping. Nafion coating on Li metal maintains smooth surface after 10 cycles

of Li||Li cycling at high current density (10 mA cm2, 4 mAh cm2), showing the good mechanical stability of Nafion.

Under the same condition, Nafion-coated Li metal can be cycled for 250 cycles (2000 h in total). The authors

compared the Li||Li cycling result with 50 um-thick Li-Nafion. The thick Li-Nafion film shows transference number
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of Li* (tLi+) close to unity, which is higher than 4 pm-thick Nafion film (where tuiw = 0.83). However, the

conductivity of thick Nafion is one-order lower (3.33 x10°S ¢cm™") than 4 pm-thick Nafion layer (1.42 x10°S cm™).

Low ionic conductivity of thick Nafion film resulted in unstable voltage curves and large polarizations in

galvanostatic Li||Li cycling, and the cell failed at low current density of 0.2 mA cm™. The deposited Li metal

underneath the thick Nafion film is patchy and dendritic. This comparison experiment highlights the importance of

high ionic conductivity of polymer film for depositing Li in uniform and smooth morphology.

Archer et al. dissolved ion-exchanged Li-Nafion in PC and solution-casted on Li metal to form 200

nm-thick Li-Nafion film (Figure 1-7f).[21] The Li-Nafion film prepared by this method is even thinner than the film

used by Kim et al.[119] and therefore shows higher ionic conductivity (2 x10~ S cm™), while maintaining high

transference number of Li* (tuix = 0.88). Additionally, nanoporous Al,Os membrane (20 nm pore size) were

combined with the Li-Nafion layer to increase the mechanical strength of the composite coating. In a carbonate

electrolyte (EC/DMC (1:1) + 1 M LiPF¢), the roughness of Li metal deposited under the 200 nm-thick

Li-Nafion/Al,Oslayer is close to the value of flat deposition (Figure 1-7g). On the contrary, the Li dendrites are

observed when 9-um-thick Li-Nafion coating is used. This result agrees with the observation by Kim et al.[119]

Because thick Nafion film shows only limited ionic conductivity, Li metal preferentially grows from the defect

sites in the polymer film and eventually breaks the coating layer. With a thinner coating with higher ionic

conductivity, the ion transport is not hindered and Li deposits underneath the coating layer.

In mixed carbonate electrolyte (EC/DMC + 1 M LiPFs + 10% FEC + 1% VC), the CE of Li plating/striping

is improved from 86% with pristine Li counter electrode to 92% with Li-Nafion/AlLOs-protected Li counter
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electrode (0.5 mA cm™/1 mAh cm™). Similar CE is observed under higher current density and capacity (3 mA cm~2,

3 mAh cm™).

1.7.4.2 Polyacrylonitrile

EC is less stable on contact with Li metal and susceptible to decomposition reaction compared to ether

solvents. Nevertheless, oxidative stability of EC makes it compatible with 4V-cathode. To enhance the

reduction-stability of EC with Li metal, Yu et al. recently developed a PAN-based polymer gel film.[133] The film

was prepared by thermal crosslinking of PEGDA oligomer mixed in a polymer solution of PAN, EC, and LiTFSI.

Dipole-dipole interaction between C=N group of PAN and C=0 group of EC increases the energy level of lowest

unoccupied molecular orbital (LUMO) and makes EC resistant toward reduction. FTIR, and Raman spectroscopy on

PAN-PEGDA-EC-LiTFSI gel film evidences a coordination between PAN and EC, and decreased number of free

EC molecules, respectively. The PAN-gel-protected Li shows stable Li||Li cycling at 10 mA cm™ and 1 mAh cm™

for 100 cycles. The cycled Li is shiny, and SEM shows densely deposited Li. Although CE of Li plating/stripping is

not reported, Li|[NCM 111 cell shows good capacity retention of 94.0% after 450 cycles at 1C rate.

1.7.4.3 Polyurea

Polyurea film can be directly coated on a Li foils by the MLD technique with ethylenediamine and

1,4-phenylene diisocyanate as the precursors.[45] The growth rate of the film is controlled by the number of reaction

cycle, and the typical growth rate is 0.4 nm per cycle. Amide bonding in polyurea makes the film polar, which in

turn regulates the ion flux of Li cation. Hildebrand solubility parameter of poly(/N-methacryl urea) is reported as

30.7 MPa'2, which is close to the value of EC.[129] Sun et al. reported that 4 nm-thick polyurea coating enables
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stable Li||Li cycling in a carbonate electrolyte (EC/DEC/DMC (1:1:1) + 1 M LiPF¢) at 3 mA cm™ and 1 mAh cm™

for 200 hours.[45]

48



Figure 1-7 (a) SEM image of copper surface after electrodeposition of Li metal (1 mA cm™2, 2 mAh cm™) without
coating (left) and with B-PVDF coating (right). (b) Coulombic efficiency of Li metal plating/stripping with polar
B-PVDF coating; nonpolar a-PVDF coating; and without coating.[67] (c) Formation of SEI layer after the
application of reactive polymer coating (RPC consisting of poly(SF-DOL) and GO) on Li metal surface. (d) CE of
RPC-stabilized Li metal deposited in 3D carbon host, and the comparison with uncoated 3D host (2 mA ¢cm™2, 4
mAh cm™). (e) Capacity retention of RPC-stabilized 3D Li |[NCM 523 full cell under lean electrolyte condition.[22]
(f) Cross-sectional SEM image and EDX mapping of ionomer (Li-Nafion) coating at a thickness of 9 pm (top) and
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1.8 Summary and future perspectives

The past few years have witnessed a large variety of protective coatings made of both inorganic and

polymeric materials that have been reported to give better cycling performance than bare Li metal in either Li||Li

symmetric cycling or CE tests. In order for the protective coating approach to help enable Li metal anode to achieve

efficiencies of > 99.72% (CE is calculated based on the cell requirement for practical Li metal battery [1]) and

ultimately a 500 Wh kg! lithium metal battery, we advocate for several research directions that merit attention from

the research community.

1.8.1  lon conduction mechanism through the coating layer

Ion conduction is an inherently complex issue for a thin coating layer. For example, a layer of solid ion

conductor immersed in liquid electrolyte offers two pathways of ion conduction either through the solid phase, the

liquid phase, or both. If the solid conductive layer has no porosity and is also free from any defect, the ion

conduction is only possible through the solid phase. However, when the solid conductive layer possesses inherent

defects or porosity, permeation of the liquid electrolyte through the pores is possible. In this case, ion conduction

through the liquid phase is more probable, because the ionic conductivity of liquid phase is generally higher than

solid phase. Although permeation of the liquid electrolyte into the solid phase may increase the overall ionic

conductivity of the protective coating, the selectivity towards Li ion inevitably decreases, leading to increasing rate

of side reactions with the leaked electrolyte. Therefore, evaluation of the respective ion conductivity in the liquid

and the solid phases, by AC impedance technique for example,[39] is essential to understand the ion conduction

mechanism and to improve the design of protective coatings. Similarly, evaluation of swelling behavior of polymeric

coatings in the liquid electrolyte, the resulting ionic conductivity, and the selectivity toward Li ion (i.e. transference
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number) should be studied in detail. A correlation between the dielectric constant of polymers and the size of Li

metal nuclei can aid understanding on the electroplating behavior of Li metal through polymer coatings.[134]

1.8.2  Mechanistic understanding of protection layer degradation

Mechanical toughness of the protective coatings should be studied after long cycles of Li plating/stripping.

Growing Li metal deposits under the coating layer creates stress and can eventually break the coating. As-formed

defect becomes a local hotspot promoting more deposition of Li metal. The local defect in 9-pm-thick Li-Nafion

layer promoted dendritic growth of Li metal due to the high current density localized at the defect point (Section

1.7.3.1).[21] In contrast, the cracks in 15-nm-thick LiPON layer resulted in a flat deposition of Li metal growing on

top of the LiPON layer (Section 1.6.2.1).[109] Therefore, the improved performance in Li||Li cycling or CE tests

may have little relation with the protection mechanisms (i.e. mechanical suppression and chemical selectivity), when

the coating layer is fractured during the electroplating. Possibly, when Li metal grows on top of the protective layer,

a highly lithiophilic coating layer may promote a flat deposition.

1.8.3  Evaluation of coating layer performance under practical conditions and cell
configurations for high energy density

Here, we discuss the practical testing conditions for protective coatings aiming for the high energy density

of 500 Wh kg'.[1] In literature, the specific capacity of Li metal is often claimed as 3860 mAh g~!, however, the

excess amount of Li metal on the anode side diminishes the effective capacity of Li metal (Figure 1-8a). For

example, the effective specific capacity of Li metal anode with 50%, 500%, 5000% excess Li metal drops to 2570,

640, 76 mAh g!, respectively. The effect of coating layers on thin (less excess) Li metal surface needs to be

evaluated to claim the high energy density of Li metal. The CE can be evaluated in a practical cell configuration by
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pairing cathode with thin Li metal (Section 1.5.4). Capacity retention versus cycle number with 40% excess Li metal

is simulated at varied CE of Li plating/stripping (Figure 1-8b). In the plateau region, the excess Li metal is

consumed, and then the capacity starts decaying in an exponential manner after all the excess Li is consumed. The

0.2% increase in the CE from 99.6% to 99.8% doubles the cycle life of the plateau region. Recently, increasing

number of studies on anode free battery (0% excess Li) and thin-Li metal battery has been

published.[80,122,135,136]For example, 83% of capacity retention of thin-Li||LFP battery after 100 cycles was

demonstrated by Zhou et al.[135] The CE of Li metal anode is evaluated as 99.3% under 0.2 mA cm2 with 0.8 mAh

cm? of capacity in their study.

Reduction of the amount of liquid electrolyte used in the battery cell is an effective pathway to increasing

the energy density (Figure 1-8d). However, the cycle life of Li metal battery significantly deteriorates under limited

amount of electrolyte.[1] Electrolyte is consumed during the battery cycling by the formation of SEI layer and

porous Li metal. This sponge-like Li metal with high surface area accelerates the consumption rate of liquid

electrolyte to cause the electrolyte depletion. The high porosity also increases the demand for electrolyte to maintain

normal battery operation. Applying a protective coating layer on Li metal is a promising strategy to reduce the rate

of electrolyte consumption under lean electrolyte condition.

In recent studies on Li metal anode, the shape of current collector is modified from conventional 2D planar

structure to 3D porous scaffold to accommodate the volume expansion of Li metal and simultaneously to reduce the

amount of isolated Li particles from the current collector.[13—16] Application of the protective coatings on such 3D

scaffold or host is highly anticipated to boost the CE of Li plating (Figure 1-8e). As a proof of concept, Wang et al.
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recently reported 200 cycles of Li||[NCM 523 full cell with limited volume of electrolyte and 90%-excess Li plated

on polymer-protected 3D carbon scaffold (Section 1.7.2.5).[22]

The CE of Li metal anode has been steadily increasing thanks to the recent development of high-efficiency

electrolytes. The compatibility of such electrolytes with high voltage cathode, for example NMC 811, is also

demonstrated.[80,137] The electrolyte contains highly-fluorinated ether or carbonate solvents to form a robust SEI

layer on Li metal surface. The challenge in the studies of electrolyte is still to realize the CE of Li metal anode above

99.7%. Interesting future studies would be the combination of protective coatings and state-of-the-art electrolytes to

increase the upper limit of the CE (Figure 1-8f). Finally, more studies on the cell-level engineering to solve safety

issues of liquid electrolyte based Li metal battery will be necessary in conjunction with increasing CE of Li metal

anode.[34,138,139]
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Figure 1-8 (a) Drop of specific capacity of Li metal anode with increasing amount of excess Li metal. 0% excess Li

means all Li" ions transfer between the anode and the cathode during charging/discharging. (b) Simulated capacity
retention of Li metal battery with 40% excess amount of Li metal with increasing coulombic efficiency of the Li
anode. Capacity loss at the cathode side is assumed to be negligibly small compared to the anode side. Prospective
testing conditions for Li metal anode with the protective coatings: (c¢) Thin Li metal electrode to reduce the excess
amount of Li; (d) Lean electrolyte to reduce the total weight of the battery pack; d) Coating on the 3D-structured Li
metal to reduce the influence of volume change during plating/stripping of Li metal; (e) Protective coating used with

state-of-the-art electrolyte to further increase the CE of Li metal anode.
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Chapter 2 Molecular design of gel polymer electrolyte and the application to lithium metal protection

2.1 Introduction

Gel polymer electrolyte (GPE) is composed of a polymer host swollen in a liquid electrolyte (LE) and is

widely used in various electrochemical devices such as lithium (Li) batteries,[106,140,141] supercapacitors,[142]

stretchable electronics,[143—145] and as an interfacial protection for Li metal anode.[33,133,146,147] GPE

generally shows higher ionic conductivity than solid polymer electrolyte (SPE) and higher mechanical strength than

LE.[148,149] The ionic conductivity (o), transference number (¢ for cation), and mechanical strength of GPE are

dependent on the solvent content absorbed in the polymer host (swelling ratio). Small swelling ratio of the polymer

host increases the coupling between the polymer segments and ions, and the selective bindings of anion to the

polymer host results in higher #.[150,151] GPE is also mechanically stronger at smaller swelling ratio because of

higher degree of polymer—polymer interactions.[150,152] In contrast, small swelling ratio often results in reduced

values of ¢.[150,152—-156] For the application in Li batteries, a higher value of #: is always desired to minimize the

concentration gradient of Li" in the electrolyte,[147,157] and at the same time, a higher value of o is equally

important for the efficient ion transport. Therefore, the understandings on the trade-off among o, # and the

mechanical properties of GPE is indispensable for the future development of GPE-based Li batteries. However, the

previous research on the correlation between swelling ratio and ion transport/mechanical properties has been

focused only on aqueous-based GPEs,[150,158] and much less experimental evidence and no theoretical model have

been reported for organic-based GPEs.

To study the relationship between the swelling ratio and the ion-transport/mechanical properties, there are

two essential conditions to be satisfied: (1) Cross-link density of the polymer host must be precisely tailored to limit
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the swelling ratio at the equilibrium state. In the literature, a cross-linking of polyethylene oxide (PEO) oligomers

has been commonly used to prepare organic-based GPEs.[133,152,159—162] However, no attempt on controlling the

cross-link density has been reported, and the GPEs were usually used without purification of unreacted cross-linkers

in the polymer host. (2) Polarities of the polymer host and the solvent must be matched to cause the swelling and to

dissolve the salt in GPE. Unlike aqueous-based GPEs, organic-based GPEs have wide range of choices for the

solvents from non-polar to polar ones. A combination of polar polymers (e.g. PEO) and polar solvents (e.g. ethylene

carbonate (EC),[133,155,156,163] succinonitrile,[164] ionic liquid [144,165]) is widely used to construct an

ion-conductive phase, because the large dipole moment can dissociate the anion and the cation. However, the strong

polarity of the polymer host inevitably results in the increasing degree of ion—polymer coupling, higher activation

energy (E,), and reduced diffusion coefficient (D- for cation) of the charge carrier.[157,166] In contrast, the ions

solvated in a low-polarity solvent absorbed by a non-polar polymer host should cause little ion—polymer coupling.

Thus, different ion-transport properties are expected when the GPE is swollen in high-polarity or low-polarity

media.

In this article, we systematically study the Li* transport properties (o, t:, E., D+) and the rheological

properties of GPE composed of polyacrylonitrile—polybutadiene copolymer (PAN-PBD) with a wide range of the

cross-link densities (10°-102 mol cm™), which is swollen in ether (low-polarity) or carbonate (high-polarity)

electrolyte (Figure 2-1). We report the o—¢: trade-off with respect to the swelling ratio, where the change of o is

simulated by percolation model, for the first time in organic-based GPE. Hansen solubility parameters (HSPs) are

used to predict the swelling behavior of PAN-PBD, showing PBD phase favors the swelling in the ether electrolyte,

while PAN phase swells in the carbonate electrolyte. The decoupling of Li* from the polymer host is realized in PBD
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phase swollen in the ether electrolyte, where no change in E,is observed. To demonstrate a practical application of
GPE, the cross-linked PAN-PBD thin film is used as a protective coating for Li metal. Morphology of the
electrodeposited Li metal changes from dendritic to spherical with the coating. High ¢ and viscosity of the GPE
(realized in lower cross-link density) are found to be beneficial for the Li deposition without breaking the coating
layer. A high shear modulus of the coating, commonly believed to be an essential property to suppress the Li
dendrite, appears to be unnecessary for the GPE-based coatings, if sufficiently high ¢ (> 10* S cm™) and viscosity
are provided. This study paves the way for a rational design of GPE microstructure through the controlled cross-link

density and the polarity-matchings between polymer hosts and organic solvents.
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Figure 2-1 Scheme of the cross-linking of PAN-PBD and swelling in the ether and carbonate electrolytes. The
cross-link density and the swelling ratio of the resulting polymer is controlled by the concentration of Li»S; during
the cross-linking step. Because of the difference in the polarity, the PBD, and PAN segments favor the swelling in
ether (lower polarity), and carbonate (higher polarity) electrolytes, respectively. The different degree of ion—polymer

interaction in each phase is expected to cause distinctive ion-transport properties in the GPE.
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2.2 Results and discussion

2.2.1  Cross-linking reaction of PAN-PBD copolymer with Li,S3 catalyst

Self-cyclization of PAN is an attractive approach to form cross-links without introducing additional

cross-linking oligomers into the polymer host.[140,167] Conventionally, self-cyclization of PAN was initiated at

temperatures above 200 °C,[168—170] and the resulting cross-link density only varied in a narrow range (e.g. 1.5—

2.5 x 10 mol cm™) regardless of variations in the heating time.[167] The difficulty in varying the cross-link

density of PAN can be attributed to the high activation energy (149 kJ mol™) for the cyclization, and the

spontaneous propagation of the cyclization after the activation.[171] Lithium trisulfide (Li»S3 = Li,S + 2S) in

dimethyl formamide (DMF) solution was known to catalyze the PAN cyclization and to lower the initiation

temperature.[172,173] Here we carry out the cross-linking of PAN-PBD in a mixed solution of DMF and

tetrahydrofuran (THF) with varied concentration of Li»S; (Li»S3/AN = 0-1.0 in mol/mol) at 100 °C to vary the

cross-link density of PAN segments (Figure 2-1). After the cross-linking, residual DMF and Li»S; remaining in the

polymer film is removed by the solvent extraction in dimethoxyethane (DME), which has a high solubility for

polysulfide species (S,") (Figure S2-1, Appendix). Structure of cross-linked PAN-PBD is analyzed by FTIR, and the

absorbance is normalized to the peak at 970 cm™! (trans C=C-H of PBD) (Figure 2-2). Absorbance at 1440 ¢cm™!

(saturated C—H bending of PBD) remains constant after the cross-linking, indicating the PBD segment is unreacted.

Increasing absorbance at 1600 cm™ (C=C/C=N stretching) and decreasing absorbance at 2240 cm™ (C=N stretching

of PAN) suggest that the cyclization of C=N into the conjugate C=C/C=N is catalyzed by Li»S;. Appearance of the

peaks at 2190 cm™' (conjugate C=N) and 790 cm™' (1,23-trisubstituted =C-H bending) suggests that

dehydrogenation of a- and B-hydrogens of PAN takes place and forms C=C double bond in the PAN main chain.
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Red shift of the C=C/C=N peak position from 1620 to 1612 cm™! with increasing Li,S3/AN ratio indicates extending

length of the C=C/C=N conjugation (Figure S2-2, Appendix). X-ray photoelectron spectroscopy (XPS) shows

increasing intensity of S 2p peak at 163.3 eV with increasing Li»S3/AN ratio, revealing the possible presence of both

S—S and S—C bonds[174] (Figure S2-3, Appendix). Based on the above analysis, we propose a following reaction

scheme: (1) Li»Ss catalyzes the dehydrogenation at PAN backbone (possibly by producing H»S gas) and forms

conjugate C=N. (2) Nucleophilic attack of S~ on C=N produces S,—C=N~ anion and initiates intramolecular

self-cyclization between adjacent C=N groups. The cyclization reaction between the conjugate C=N groups are

sterically favored (formation of six-membered ring), compared to between nonconjugate C=N groups. (3) The

cyclization reaction propagates between different PAN chains and result in intermolecular cross-linking. (Figure

S2-4, Appendix)
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Figure 2-2 (a) FTIR spectra of PAN-PBD cross-linked under varied Li;S3/AN ratio (0—1.0). The inset shows the
magnified view of the C=N stretching peaks. The absorbance is normalized to the peak at 970 cm™ (trans C=C—H of
PBD). (b) Changes of the absorbance at the selected peaks (1600 cm™ — C=C/C=N; 1440 cm™' — CH, of PBD;
2240 cm™' — C=N; 2190 cm™ (magnified by 10) — conjugate C=N), showing the cyclization of C=N into a fused

pyridine structure. The dashed lines represent the least-squares fittings to the experimental results.
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2.2.2  Swelling ratio and cross-link density of PAN-PBD GPE

Swelling ratio of cross-linked PAN-PBD film is expresses as a volume ratio of the swollen polymer (V) to

the volume of dry polymer (¥p) and plotted as a function of Li,S3/AN ratio (Figure 2-3a, b). The swelling ratio in

DME solvent decreases with increasing ratio of Li»S3/AN because of the increasing number of the intermolecular

cross-links formed in the PAN segments. The swelling ratio in pure dimethyl carbonate (DMC) is lower than the

value in DME, and the addition of EC in DMC increased the swelling ratio. An addition of lithium

hexafluorophosphate (LiPFs) in DMC/EC solvent reduces the swelling ratio of PAN-PBD film (Figure 2-3b). We

confirmed that an addition of lithium perchlorate (LiClO4) also reduces the swelling ratio to the same degree as

LiPF¢ (Figure S2-5, Appendix). In contrast, an addition of lithium bis(fluorosulfonyl)imide (LiFSI) causes no

change in the swelling ratio in DME (Figure 2-3a). FTIR analysis revealed a stronger absorbance of C=N-Li*

dipole—ion pair in DMC/EC/LiPFs, compared with DME/LiFSI (Figure S2-6, Appendix).

To obtain a theoretical basis of the swelling behavior, we used HSPs and quantified the degree of

interaction between the polymers (PAN, PBN) and the solvents (DME, DMC, EC, DMC + EC). Relative energy

difference (RED) is a useful parameter to evaluate the solubility of polymers in solvents,[175] which is calculated

from the difference of HSPs between the polymer and the solvent (Calculation A, Appendix). Typically, a good

solvent shows RED < 1 (i.e. the polymer and the solvent have a similar polarity), while a poor solvent shows RED >

1. DME shows low RED with PBD (0.95) and high RED with PAN (1.40), indicating preferential solvation of PBD

phase (Figure 2-3¢). DMC shows high RED with both PBD (1.17) and PAN (1.47), which explains the low swelling

ratio of PAN-PBD in DMC. In contrast, pure EC shows low RED with PAN (0.89) and significantly higher RED

with PBD (3.05), suggesting only PAN phase can swell in EC. In a mixed solvent of DMC and EC (1:1 in weight
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ratio), RED with PAN (0.85) shows the similar value in pure EC. Despite the RED with PBD (1.61) is lower in the
DMC/EC mixed solvent than in pure EC, RED > 1 suggests the solvation of PBD phase is still unlikely in DMC/EC.
Therefore, the increased swelling ratio in the DMC/EC mixed solvent from the pure DMC is explained by the
reduced RED value with PAN phase. The favorable solvation of PAN in DMC/EC also explains that the decrease of
swelling ratio by the addition of salt (LiPF¢ and LiClO,) is caused by the formation of C=EN-Li* pair, which behaves
as a physical cross-linking.

Cross-link density () of PAN-PBD can be calculated from the swelling ratio by using Flory—Rehner

equation:[176,177]

N = IN(1 —vp) + Vot x15\»
- V1(V2/ 2— V21/3)

(1)

where Vi is the molar volume of the solvent, v» is the volume fraction of polymer in the swollen state,

which equals the inverse of the swelling ratio (v> = Vo/V), and y12 is solvent—polymer interaction parameter, which is

proportional to the RED squared (Calculation B, Appendix).[178] Note that the yi2 is averaged by the volume

fraction of PAN and PBD in the copolymer (PAN:PBD = 32:68, vol/vol), therefore, the N is also an averaged value

of the entire copolymer structure. As a result, the N calculated from the swelling ratio in DME is smaller than the

values calculated from the swelling ratio in DMC and DMC/EC at low Li>S3/AN ratio (Figure 2-3d). This result

reflects the influence of polymer microstructure, where the cross-link is formed only in PAN phase, and thus the

polymer swelling is more restricted in DMC/EC mixed solvent (the solvents only swell PAN phase). In contrast, the

swelling of PBD phase is less restricted in DME (the solvent only swells PBD phase), and thus the effective value of

N is lower. The cross-link density estimated from the swelling in DMC is high because of the poor solubility for
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both PAN and PBD. The influence of the microstructure is pronounced at larger swelling ratio (i.e. low Li»S3/AN

ratio) and minimized at smaller swelling ratio, resulting in a convergence of the N values at higher Li,S3/AN ratio.
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Figure 2-3 Swelling ratio of PAN-PBD in (a) DME (+ LiFSI, 1 ml kg™), and (b) DMC, DMC + EC (1:1) (+ LiPFg,
1 mol kg™). Formation of C=EN-Li" pairs in DMC + EC decreases the swelling ratio when LiPFe is added. (c)
Relative energy difference (RED) between the polymer (PAN, PBD) and the solvents (DME, DMC, EC, DMC +
EC). A good solvent for a polymer generally shows RED < 1. (d) Cross-link density of PAN-PBD calculated from

Equation (2-1) and the swelling experiment of (a) and (b). All the dashed curves represent the least-square fittings to

the experimental data.
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2.2.3  Relationship among ion-transport properties, swelling ratio, and solvent polarity

The o of cross-linked PAN-PBD GPE swollen in DME/LiFSI, and DMC/EC/LiPFs is expressed as a

function of the volume fraction of LE (4ir) absorbed in the polymer host (Figure 2-4a):
dpe= 1- % (2-2)

In both electrolytes, the change of ¢ at ¢rg > 0.4 is gradual, then the o sharply decreases as ¢rg drops to 0.2.
A similar o—¢rg relationship was also observed in different organic-based GPEs such as a polymer blend of
nitrile-butadiene and styrene-butadiene rubbers (NBR/SBR),[154] PEO,[152,155] and poly(methyl methacrylate)
(PMMA).[156] However, no theoretical model has been proposed to explain the o—¢r g relationship.

Here we demonstrate the applicability of percolation model for the first time in organic-based GPEs.
Percolation model was firstly proposed by Hsu to explain an insulator-to-conductor transition of a proton-conductive
membrane (e.g. Nafion) as a function of the water content:[158]

o =oo(pe — )"  (2-3)

where oy is a constant depending on the combination of polymer and electrolyte, ¢o is a percolation
threshold below which no ion-conductive pathway can form, » is a universal constant reported to range between 1.3
and 2 for a three-dimensional percolating system.[158,179—181] The oo and ¢o can be obtained from the linear fitting
of o' with respect to ¢rg, and the best fitting was obtained at n = 2 for our system (Figure S2-7, Calculation C,
Appendix). The fitted parameters are: go= 7.36 x 10 S cm™ (DME), 2.86 x 107 S cm™ (DMC/EC); and ¢o=
0.178 (DME), 0.201 (DMC/EC), respectively. As a result, the simulated values of o agrees well with the

experimental results (Figure 2-4a, solid lines).
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The ¢ of PAN-PBD GPE is evaluated by the potentiostatic polarization method[182] (Calculation D,
Figure S2-8, S9, Appendix). The low value of ¢ (< 0.4) is observed at higher swelling ratio (¢rg > 0.4) (Figure
2-4b), which agrees with the low #: generally observed in LE both DME[183] and EC/DMCJ[184] electrolytes. The -
increases with decreasing ¢.¢ and reaches the maximum value of #. = 0.6, when ¢ is close to the percolation limit
(¢o= 0.2). Previously, a similar increase of # with decreasing @20 (volume fraction of water) was reported in an
aqueous-based GPEs,[150,151] where the polymer is positively charged and can completely trap the counter anion
at the lowest value of ¢u0= 0.2, to achieve the highest value of #» = 1.[150] In PAN-PBD GPE, the increase of ¢
could be attributed to the ion—dipole interaction between PAN and the counter anions (FSI™ and PFs") to reduce the
relative mobility of the anions, compared with Li*. The increase of ¢+ in DME electrolyte could be attributed to the
anion trapping at the interphase between PAN and PBD, because non-polar PBD itself can have little interaction
with ions (as evidenced by constant E, at all range of @i, see below). To maximize the # in organic-based GPEs, we
propose that a positively charged polymer could be used to electrostatically bind with the anions (which is much
stronger than ion—dipole interaction) in the future study.

The D+ of GPE can be calculated from Nernst—Einstein relation[185] as a function of o, ¢+, and ¢rk:

RTot+

D. = (Z+F)ZCo ¢LE (2_4)

where R is the standard gas constant, 7 is the temperature, F is the Faraday constant, z+ is the charge
number of the cation (z+= 1 for Li*), ¢y is the bulk concentration of the charge carrier (co= 1 mol kg™!). At 1> 0.4,
the D. of PAN-PBD GPE is nearly constant at 1 x 107 ¢cm? s' in DME, and 3 x 10 ¢cm? s! in DMC/EC,
respectively (Figure 2-4c¢). The D- at the plateau in DMC/EC agrees with the D.: reported for hydrogenated

nitrile-butadiene rubber (HNBR) GPE in propylene carbonate (PC) (D+= 0.9 x 1078 cm? s7!, 36% PAN content).[140]
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The D starts to decrease at ¢re < 0.4, and when ¢rris close to the percolation limit (¢o~ 0.2), the D+ drops to 1 x

108 cm? s7! in DME, and 3 x 107'° cm? s™' in DMC/EC, respectively. The significant reduction of D; in DMC/EC

electrolyte (where PAN is the ion-conduction phase) can be explained by the increasing degree of the C=N-Li*

interactions at lower ¢re. This explanation is further supported by the increase of E, only observed when the PAN—

PBD GPE is swollen in DMC/EC (Figure 2-4d, the Arrhenius plot in Figure S2-10, Appendix). In contrast, the E,

of the GPE swollen in DME electrolyte (where PBD is the ion-conduction phase) remains constant even at low ¢rg,

showing the Li* transport is decoupled from the interaction with the polymer host.
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Figure 2-4 (a) Ionic conductivity, (b) cation transference number, (c) cation diffusion coefficient, and (d) activation
energy of PAN-PBD GPE swollen in DME + LiFSI (1 mol kg™!), and in DMC + EC (1:1) + LiPFs (1 mol kg™!). The

volume fraction of the liquid electrolyte (¢rg) in the swollen polymer is controlled by the cross-link density of PAN—

PBD.
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2.2.4  Relationship between mechanical properties and cross-link density

Tensile strain is applied to the dry PAN-PBD to study the influence of cross-link density on the mechanical
properties (Figure 2-5a). At the lowest cross-link density (Li»S3/AN = 0.1), PAN-PBD shows rubber-like behavior
without any plastic deformation until the fracture. At higher cross-link density, the transition from elastic to plastic
deformation appears after approximately 3% of the strain is applied (inset of Figure 2-5a), and the yield strength
increases with increasing cross-link density. Young’s modulus (F) is calculated from the slope of the stress—strain
curve at the elastic region and plotted with the cross-link density estimated from the swelling ratio in DME (Figure
2-5b). The value of E increases by a factor of 10> when the cross-link density is increased from 3 x 10~ to 1 x 107
mol cm™, while the elongation at break remains at 200%, showing the increasing toughness of the material. Further
increase of the cross-link density to 1 x 1072 mol cm™ increases the E by a factor of four, while the elongation at
break decreases to 50%, transforming into a rigid and brittle material.

Oscillatory shear strain is applied to PAN-PBD swollen in DME/LiClOs or DMC/EC/LiClOs to evaluate
the rheological properties. LiClOs was used instead of LiFSI or LiPFs because of the better stability under the
ambient environment. Linear viscoelastic regime is evaluated to be below 1% of the strain (Figure S2-11, Appendix).
Frequency dependence of storage (G’) and loss (G ") modulus, and phase angle (6 = tan™'(G "/G")) are evaluated at a
constant strain of 0.1% (under the linear viscoelastic regime) (Figure 2-5¢, d). In both DME and DMC/EC
electrolytes, higher cross-link density (Li»S3/AN = 0.3) results in larger G’ value while the G shows little difference

1

from the lower cross-link density (Li»S3/AN = 0.1). When the oscillation frequency is reduced from 10 to 0.1 rad s,

G’ of Li,S3/AN = 0.1 starts decreasing, and the ¢ increases from nearly 0° to 20° and 10° in DME and DMC/EC
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electrolytes, respectively. The increase of J indicates the transition of GPE from a purely elastic body to a more

viscous material.
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Figure 2-5 (a) Stress—strain curve of the dry PAN-PBD film. (b) Young’s modulus and elongation at break
evaluated from (a), plotted with the cross-link density. (c, d) Frequency dependence of storage and loss modulus (G,
G "), and phase angle (6) of PAN-PBD swollen in (c) DME + LiClOy (sat. 0.3 mol kg™), and in (d) DMC + EC (1:1

wt) + LiClO4 (1 mol kg™), evaluated under a constant strain of 0.1%.
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2.2.5  Influence of cross-link density in protective coatings for Li metal

Previously, both PAN[133] and PBD[186] were used as protective coatings[147] for Li metal anode. PAN

was reported to reduce the reactivity of EC with Li metal through the dipole—dipole interaction,[133] while the PBD

copolymer was used as the elastic binder for the inorganic nanofillers.[186] To use the cross-linked PAN—PBD GPE

as the protective coating, we reduced the film thickness to 10 um and placed between the battery separator and the

copper (Cu) current collector (Figure S2-12, Appendix). The PAN—PBD thin film is swollen to the equilibrium in

the LE (DMC + EC (1:1) + LiPF6 (1 mol kg™!) + fluoroethylene carbonate, FEC (5wt%) as additive) before the cell

assembly. During the first deposition of Li metal on Cu, the voltage polarization increases with the increasing

cross-link density of PAN—PBD coating (Figure S2-13, Appendix) because of the reduced o (Figure 2-4a). After the

Li deposition (capacity = 1 mAh cm™), we observed that the Li metal breaks the coating and deposits on the surface

when the Li»S3/AN ratio is equal to or greater than 0.4, while all the Li metal is plated underneath the coating below

the ratio of 0.4 (Figure 2-6a, see Figure S2-14 for the optical images underneath the coating, Appendix). The

observation agrees with the previous study where a thick Nafion coating (50 um) with low ¢ (< 10~ S cm™) resulted

in the non-uniform Li deposition concentrated at the local defects in the coating.[119] The conductivity

measurement (Figure 2-4a) indicates the o higher than at least 10 S cm™ is required to deposit Li metal underneath

the 10 um-thick coatings.

On the uncoated Cu (current density = 0.1 mA cm™), two different morphologies of the Li metal are

observed, showing a flat Li deposit where the Li is deformed by the compressive pressure from the battery separator,

and a dendritic shape where the Li is less compressed (Figure 2-6b, c¢). In contrast, the Li metal deposited

underneath the coating uniformly shows the spherical morphology with a diameter of 20 um, and no dendritic Li is
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observed (Figure 2-6d, e). The spherical Li deposits are also observed underneath the coating with slightly higher

cross-link density (Li2S3/AN = 0.2, 0.3), however, only the flat and compressed Li deposits (like the morphology on

the uncoated Cu) is observed when the Li is plated on the coating surface (Li»S3/AN = 0.4) (Figure S2-15,

Appendix).

When Li metal is deposited at higher current density (0.5 mA cm™), the Li deposits on the uncoated Cu

shows the smaller particle size (<2 um), and the more pronounced dendritic morphology (Figure 2-6f, g, see Figure

S2-16 for the optical images, and Figure S2-17 for the SEM images at different magnifications, Appendix). In

contrast, the Li deposits underneath the coating shows the granular morphology with the larger particle size (= 5 pm)

than the Li on the uncoated Cu (Figure 2-6g). Furthermore, the Li particles adhered on the least-cross-linked coating

(Li2S3/AN = 0.1) shows the large spherical morphology (diameter ~ 15 pum, Figure 2-6h, i) which resembles to the

Li deposited underneath the coating at 0.1 mA cm™ (Figure 2-6d, €). No spherical Li particle is observed on the

coating at Li,S3/AN = 0.3. The higher viscosity (5 = 10° at the oscillation frequency of 0.1 rad s™!, Figure 2-5d) of

the coating at Li»S3/AN = 0.1 appears to be beneficial for the better adhesion with the Li particles. A recent report on

the morphological improvement of Li deposits in the viscous LE further supports the merit of using the viscous

coating.[31] Contrary to the common belief that high shear modulus is required to suppress the Li dendrite,[27,30]

the swollen GPE (with significantly lower shear modulus of G ~ 102 MPa than the dry SPE, for example, G(PEO) =

26.2 MPa)[30] is proved to be useful as the protective coating for Li metal.

XPS spectra at the F 2p and P 2p region reveals that LiF and phosphates (LixPOF,)[187] are invariably

present in the solid electrolyte interface (SEI) layer of the Li deposits on the both uncoated and PAN-PBD-coated

Cu (Figure 2-6j, m). The LiF and phosphates are the decomposition products of LiPFs or FEC in the LE phase. The
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N 1s and S 2p spectra respectively shows the increasing peak intensity of sp-hybridized N,[188] sulfoxide bond

(§-0), S-S, and possibly S—C bond[174] with increasing Li,S3/AN ratio (Figure 2-6k, 1). Because the LE contains

no N or S species, the N and S compounds must be produced from the decomposition of the PAN-PBD coating.

Lower volume fraction of LE (¢re= 0.3, Figure 2-3b) at Li,S3/AN = 0.3 represents higher surface concentration of

PAN-PBD segment on the Li deposits, and thus the increasing ratio of the SEI products is derived from the coating

side. The XPS analysis points out the importance of tuning the cross-link density (the swelling ratio) of the

polymeric coating to balance the ratio between the SEI products derived from the LE, or from the protective coating.

The long-term stability of the coating is evaluated by the repetitive deposition/dissolution of Li metal for 50

cycles (Figure S2-18, Appendix). All Li is deposited underneath the coating at Li»S3/AN < 0.3, while a minor

amount of Li is deposited on top of the coating surface at Li»S3/AN = 0.3. The low values of ¢ (= 0.3), ¢ (< 10 S

cm™), and also the low viscosity (6 < 5°) are likely to cause a tip-driven growth of Li filament through the local

defect, which is commonly observed in more ionically resistive and brittle solid state electrolytes.[189] Therefore, o >

10* S cm™ is desired for the long-term stability of GPE-based protective coatings. Despite the morphological

improvement of the Li deposits, coulombic efficiency (CE) of the Li metal deposition/dissolution for 50 cycles

shows no improvement by the surface coating, compared to the CE on the uncoated Cu (Figure S2-19, Appendix).

The morphology of Li deposits after the 50 cycles shows aggregation of fine Li filaments with the domain size less

than 1 um (Figure S2-20, Appendix). The morphological change during the cycling is possibly caused by the

build-up of inactive Li deposits[5], which reduces the effective area of Li deposits directly in contact with the

coating, and also the effective pressure exerted on the Li deposits. Optimization of the current collector (e.g. 3D
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structure),[22] and a rigorous control on the cell stack pressure could be a promising way to enhance the benefits of

protective coatings.
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Figure 2-6 (a) Optical images after the first deposition of Li metal on Cu foil with/without a protective coating of
PAN-PBD cross-linked at Li»S3/AN = 0.1-0.6. (b—g) SEM images after the first deposition of Li metal on (b, c, )
uncoated Cu, and on (d, e, g) PAN-PBD-coated Cu (Li»S3/AN = 0.1). (h, i) The Li metal adhered on the coating,
showing the spherical morphology resembling to (e). (j—m) XPS spectra of the Li metal after the first deposition on
uncoated, and PAN-PBD-coated Cu (Li2S3/AN = 0.1, and 0.3).Current density = 0.1 (a, b—e, j—m), and 0.5 (f-i) mA

cm 2. Charge capacity = 1 mAh cm™ (a—m). Electrolyte = DMC + EC (1:1) + LiPFs (1 mol kg™') + FEC (5wt%) for
all the experiment.
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{polar media)

Figure 2-7 Schematic representation of ion-transport properties (o, ¢+, Ea), and rheology (phase angle, J) of GPE at

low/high cross-link density, and the Li deposition process through the protective GPE coating. At low cross-link
density, the large swelling ratio increases o but decreases ¢ (i.e. lower relative mobility of Li* than the anion). The
higher viscosity (J) at low cross-link density results in the spherical morphology of Li deposits. At high cross-link
density, the low swelling ratio decreases o but increases t+. The increasing degree of dipole— Li" interaction also
increases E, in the polar polymer swollen in the polar electrolyte. The lower values of ¢ and ¢ are prone to cause the

tip-driven Li growth through the local defect, eventually leading to the Li plating on top of the coating.
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2.3 Conclusions

In summary, we controlled the cross-link density of PAN-PBD copolymer by adjusting the mole ratio of

Li>S3/AN to study the influence of the swelling ratio to the ion-transport and rheological properties of the GPE. In

addition, the presence of both polar and non-polar segments in PAN-PBD enables us to evaluate the influence of the

solvent polarity. We used the PAN-PBD GPE as the protective coating for Li metal and made the correlations

between the GPE properties and the morphology of Li deposits (Figure 2-7). Low cross-link density results in high

#Le and o (which can be simulated by the percolation model), and low E, (~ 20 kJ mol™). The higher viscosity (J >

10°) of the coating benefits from the better adhesion with the Li deposits and improve the Li morphology from the

dendritic to the large spherical particles (15-20 um). In contrast, high cross-link density results in low ¢k, o, and 9,

which are prone to cause the tip-driven Li growth, and the penetration through the coating. Once the electronic

pathway is formed in the coating, the Li deposition initiates from the coating surface, leading to the failure of the

protective function. To avoid the coating failure over the long cycles, the ¢ higher than 10# S cm™ is desirable. The

increasing degree of ion—polymer interaction at lower ¢y increases £, (~ 60 kJ mol™!) only when the GPE is swollen

in the polar electrolyte (DMC + EC + LiPFs), and no increase of E, is observed when swollen in the less polar

electrolyte (DME + LiFSI). The advantage of reducing ¢ is the increase of .. However, the trade-off between o

and ¢ significantly limits the performance of GPE-based protective coatings, in terms of enhancing the selectivity

towards Li" transport. To simultaneously achieve both high ¢ and ¢, introducing the strong ionic binding between

the anions and the positively charged polymer chains (the method widely used in aqueous-based GPEs) could also

be a promising structural design for organic-based GPEs.
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2.4 Experimental methods

2.4.1  Materials

Poly(acrylonitrile-co-butadiene) (37-39wt% acrylonitrile content, Sigma Aldrich, U.S.), lithium sulfide

(LizS, 99.98%, Sigma Aldrich,) elemental sulfur (S, sublimed, Fisher scientific), lithium bis(fluorosulfonyl)imide

(LiFSI, battery grade, Capchem, China), lithium hexafluorophosphate (LiPFs, battery grade, BASF, Germany),

lithium perchlorate (LiClOs > 95.0% Sigma Aldrich), dimethoxyethane (DME, battery grade, BASF), dimethyl

carbonate (DMC, battery grade, BASF), ethylene carbonate (EC, battery grade, BASF), and fluoroethylene

carbonate (FEC, battery grade, Capchem) were used as received. Tetrahydrofuran (THF, reagent grade, Spectrum

Chemical, U.S.) and dimethyl formamide (DMF, reagent grade, Spectrum Chemical) were dried with activated

molecular sieve (4A, Spectrum Chemical) prior to the use.

2.4.2  Preparation of cross-linked PAN-PBD film

The cross-linking reaction was performed inside the argon-filled glove box (H>O < 0.5 ppm, O> < 1 ppm).

2.0 g of PAN-PBD was dissolved in 18 g of THF to obtain 10wt% PAN-PBD solution (stock solution 1). 0.37 g (8.0

mmol) of Li,S and 0.51 g (16 mmol) of S were dissolved in 4.0 mL of DMF to obtain Li»S; (2 mol dm=) solution

(stock solution 2). Varied volume of the solution 2 (0-1.7 mL) was added into the solution 2 (4.5 g) to obtain a

mixed solution 3 with various Li;S3/AN (0—1.0 mol/mol). The weight ratio of THF/DMF in the mixed solution 3

was kept constant at 2.3 by dilution with additional DMF. Then, the mixed solution 3 was poured into a

Teflon-coated petri dish and heated at 100 °C for 30 hours to complete the cross-linking reaction. THF and DMF

were evaporated during the heating and a dark-colored, free-standing film was obtained. The typical thickness of the

cross-linked PAN-PBD film ranged between 100 and 200 pm. After the cross-linking, the film was immersed in
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DME solvent for three days (which was replaced each day) to extract any residual DMF and unreacted polysulfides.

A thinner film with typical thickness of approximately 10 um was prepared by coating 60 uL of the mixed solution 3

on a stainless-steel substrate (2 cm?) and heated at 100 °C for 20 hours to complete the cross-linking reaction. The

film was immersed in DMF to enable the peeling-off from the substrate and rinsed in DMC for several times (Figure

S2-12, Appendix).

2.4.3  Characterization and swelling test of the cross-linked PAN-PBD film

The chemical bonding in the cross-linked PAN-PBD film was analyzed with attenuated total reflectance

(ATR)-FTIR (UATR 2, PerkinElmar, U.S.). The swelling ratio of cross-linked PAN-PBD film was measured by

comparing the area of the film before and after being immersed in the electrolyte solution. Cross-linked PAN-PBD

film was cut into a circle shape (diameter = 13—16 mm) and immersed in the solvents (DME, DMC, DMC + EC) for

24 hours. The influence of the additional salts (LiFSI, LiPFg, LiClO4) was evaluated by transferring the film fully

swollen in the solvents to the salt-added electrolyte solution. The swollen film was placed between two glass plates,

and the optical image was recorded (Figure S2-21, Appendix). The area was directly evaluated from the digitized

image, using an image processing software (ImageJ ver. 1.51h, N.LH., U.S.). The swelling ratio is converted from

the area ratio (4/4o) to the volume ratio (¥V/Vy), under the assumption of the isotropic volume change: V/Vy=

(A/40)*?. The results obtained from 2—4 samples at each Li,S3/AN ratio were averaged, and the standard deviation

was evaluated.
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2.4.4  Electrochemical measurement of the cross-linked PAN-PBD GPE

Potentiostatic electrochemical impedance spectroscopy (PEIS) and chronoamperometry (CA) were carried

out with the potentiostat (VSP-300 Biologic Instruments, U.S.). The Li deposition/dissolution cycles was carried out

with the battery cycler (BT2000, Arbin Instruments, U.S.). The # of PAN-PBD GPE was evaluated by a

potentiostatic polarization method reported by Newman and Balsara.[182] The cross-linked PAN-PBD film was

swollen in DME/LiFSI (1 mol kg™!) or DMC/EC(1:1 in weight ratio)/LiPFe (1 mol kg™!) and placed between two Li

metal foils. Prior to the measurement, the Li was deposited/dissolved at 20 pA cm™ for 2 hours and 5 cycles to

stabilize the Li/electrolyte interface. At the open-circuit voltage (OCV), 10 mV of the voltage polarization was

applied at a frequency range from 1 MHz to 1 Hz to evaluate the bulk and interface resistances (Rpuik, Rint).- A

constant voltage of £5 and £10 mV for 2 hours was applied to obtain the steady-state current (/s). The £ was

evaluated from the results obtained in the two measurement (see Calculation D for the detailed calculation in

Appendix). The conductivity of was measured by the PEIS method described above with two stainless-steel

blocking electrodes. The temperature of the cell was controlled by the ribbon heater and the Peltier cooler. The Li

deposition was carried out in CR 2032-coin cell with a Cu foil (9 um) as the working electrode and Li foil (250 gm)

as the counter/reference electrode. The PAN—PBD thin film (10 gm) and a polypropylene battery separator (25 um,

Celgard, U.S.) was placed between the Cu and Li electrodes (see Figure S2-12 in Appendix). The electrolyte used

for the Li deposition was DMC + EC (1:1 in weight ratio) + LiPFs (1 mol kg™") + FEC (5wt%).

2.4.5  Characterization of the Li deposits

The morphology of the Li deposits and the PAN-PBD thin film were observed under the scanning

electron microscope (SEM, Sigma 500, Zeiss Instruments, Germany) at the electron high tension (EHT) voltage of 3
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kV, and through the in-lens detector. Surface chemistry on the Li deposits was probed using a PHI 3056 X-ray

photoelectron spectrometer equipped with a dual Al Ka (1486.7 eV) and Mg Ka (1256.6 eV) anode source, operated

at 350 W, and with sample chamber pressure below 10—8 Torr. Samples were dissembled in an argon-filled glovebox,

rinsed with a small quantity of anhydrous DME (Sigma-Aldrich), and transferred to the XPS chamber using an

airtight vacuum transfer system. High resolution scans were acquired using a pass energy of 23.5 eV and an energy

step of 0.05 or 0.075 eV. Survey scans were measured using a pass energy of 93.5 eV and a 0.5 eV energy step. The

binding energies were calibrated by setting the hydrocarbon C 1s (C—C, C—H) signal to 284.6 eV, which corresponds

mainly to the adventitious carbon. C signal was measured before and after any other signal to precisely calibrate the

energy scale.

2.4.6  Tensile and rheological measurements

Tensile strength of the cross-linked PAN-PBD at the dry state was evaluated with the tensile tester (Model

5982, Instron, U.S.), at a constant strain rate of 2 mm min™' (see Figure S2-22 in Appendix for the sample

dimension). Rheological properties of the cross-linked PAN-PBD GPE were characterized using the Discovery

HR-3 Rheometer (TA Instruments, U.S.) equipped with a 20 mm parallel-plate geometry. An oscillation frequency

of 1 Hz was used in the amplitude sweep and an oscillation strain of 0.1% was used in the frequency sweep. During

all the measurements, an axial force of 1 N was applied for proper contact between the sample and the plates. All the

measurements are conducted at 25°C. Non-corrosive LiClO4 was used as the electrolyte salt at the concentration of 1

mol kg™' in DMC/EC, and 0.3 mol kg~! in DME (saturated).
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2.6 Appendix
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Figure S2-1 FTIR spectra of cross-linked PAN-b-PAB (Li2S3/AN = 1.0) before and after the solvent extraction in
DME, showing a complete removal of DMF (the solvent used in the cross-linking step).
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Figure S2-2 (a) Red shift of the C=C/C=N stretching peaks, suggesting the extension of the conjugation length at
higher Li,S5/AN ratio. (b) Appearance of the 1,2,3-trisubstituted =C—H bending at 790 cm™ at Li,S; > 0.5
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Figure S2-3 (a—e¢) XPS S 2p spectra of PAN-PBD after the solvent extraction in DME (polysulfide dissolves in
DME). The deconvolution of the S 2p3/; peak at 163.3 eV suggest the possible formation of both S—S (peak at 163.7
eV) and S—C (peak at 162.3 eV)[190] bonding with increasing Li,S3/AN ratio (0-1.0).
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Figure S2-4 Reaction scheme of the cross-linking reaction of PAN-PBD catalyzed by Li,Ss. (1) Nucleophilic attack
of polysulfide (Sy") on B-hydrogen of PAN results in dehydrogenation and production of H»S gas. (2) Nucleophilic
attack on C=N produces S,—~C=N~anion. The hydrogenation and formation of the C=C in step (1) fixes the bonding
angle of PAN main chain to 120° (angle of six-membered ring) and sterically facilitates intramolecular cyclization of
C=N. (3) The cyclization reaction initiated in step (2) transfers to different PAN chains and forms intermolecular

cross-links.
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Figure S2-5 Swelling ratio of cross-linked PAN-PBD in DMC/EC mixed solvent added with LiClO4 or LiPFs (1

mol kg™)
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Figure S2-6 FTIR spectra of cross-linked PAN-PBD (Li,Ss/AN = 0.1) swollen in (a) DME (+ LiFSI, 1 mol kg™),
and (b) DMC, DMC + EC (+ LiPFs, 1 mol kg™).
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Calculation A: Calculation of relative energy difference (RED) between polymer and solvent

HSPs are composed of three independent parameters, which account for dispersion force (3p), dipole-dipole
interaction (8p), and hydrogen-bonding (8+), respectively (Table A). The sum of the squared values of HSPs equals
to Hildebrand solubility parameter (5).

8% =83 + 8%+ 84 (A1)
RED is expressed as a ratio of R; to Ro:

Rq

RED = —
R,

(A2)

where Ry is a constant unique to the polymer. Rais expressed as
RZ = 4(8py — 8p2)?+(8p1 — 8p2)*+(Bu1 — Su2)® (A3)
where the subscript 1 and 2 represents the HSPs of the solvent and the polymer, respectively.
The HSPs for the mixed solvent (e.g. solvent a + solvent b) can be calculated by taking the volume average of
the HSPs of each solvent:
8ia+b = Vabia + Vpip
where i = D, P, H, and v, and vy is the volume ratio of the solvent. Note EC/DMC = 1/1 in weight ratio converts

to 0.448/0.552 in volume ratio.

Table S2-1 Values of HSPs, Ro, and V1 used in this study[175]

dp 3p 3n Ro V1 (cm® mol?)
17.5 2.3 34 6.5 -

21.7 14.1 9.1 10.9 -

154 6.0 6.0 - 104.5

15.5 3.9 9.7 - 84.2

194 21.7 51 - 66

17.2 11.9 7.6 - 75 (averaged)
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Calculation B: Calculation of y parameter between polymer and solvent

Flory—Huggins y parameter can be calculated from the HSPs:
aVy 2 2 2
X1z = [(6p1 — 8p2)* + 0.25(8p; — 8p2)“+ 0.25(8yy — Sy2)?] (B1)

where o is an empirical parameter. Previously, o = 0.6 was reported in the literature and therefore is used in this
study.[176,178]

Using Equation (A2) and (A3),

aV, (Ra)z _al <R0RED
2

X12 = pr “Rr 2

2
) @2
Equation (B2) shows the y parameter is proportional to the RED squared. Calculated values of the y1. parameters
between each of the solvent and the polymer are listed in Table B. The y1, of PAN-PBD copolymer is estimated
from the volume average of y1, of the two polymers (AN = 38wt% is used in this study and corresponds to 32vol%).

Table S2-2 Calculated values of yi» parameters between the solvents (DME, DMC, DMC/EC) and the polymers
(PBD, PAB, PAN-PBD)

PBD PAN  PAN-PBD (AN = 38wt%)

DME 0.241 1.48 0.640
DMC 0.297 1.32 0.625

DMC +EC (1:1wt) 0.498 0392 0.464
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Calculation C: Parameter fittings for a9 and ¢ by using percolation model

In percolation model, the ionic conductivity is expressed as
o =0o(¢rg — Po)" (Eq.3)
Taking the power of 1/n for both sides of the equation gives
ot/ = 0()1/n¢LE - 0_01/n¢0 (C1)

In the linear fitting of o™ with respect to ¢.g, oo, and g can be evaluated from the slope, and the x-intercept,
respectively. The best fit is obtained with n = 2 for both ether and carbonate electrolytes (Figure S2-7)
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Figure S2-7 Fitting of "> with respect to ¢electrolyte for DME + LiFSI (1 mol kg') and DMC + EC (1:1 wt) +
LiPFs (1 mol kg™).
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Calculation D: Measurement of #+ with potentiostatic polarization method

The t. can be evaluated by applying a small voltage bias (AV) between the two Li metal electrodes with the GPE
in the middle, and by measuring the steady-state current (lIss) under the assumption that only Li* moves at the steady
state. The t. can be calculated from:[182]

Iss(AV = IoRinc o)

= (D1)
" IO(AV - IssRint,ss)

lois the initial current at the beginning of the polarization step, which can be calculated from the Ohm’s law:

AV

[0 -
Ryuix + Rineo

(D2)

All the resistance terms in Equation (D1) and (D2) can be evaluated from the impedance spectra before and after
each polarization step.

Quuik, and Qinc represent the constant phase element (CPE) of the bulk GPE, and the interface between the GPE
and the Li metal, respectively. Similarly, Rpuk, and Rin: represents the bulk, and interface resistance, respectively. W
represents the Warburg element, accounting for the diffusion process.

The impedance spectra and the current during the polarization are shown in Figure S2-8 (the GPE swollen in
DME + LiFSI) and S9 (the GPE swollen in DMC + EC + LiPFs). The fitted values of Ryuik and Rint are shown in
Table D. We confirmed the ionic conductivity calculated from Rpyik (with Li-metal non-blocking electrode) agrees
with the conductivity evaluated with stainless-steel blocking electrode.
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Table S2-3 Electrode area, thickness of the swollen film, Rpuk, Rini, and ¢+, which are evaluated from Figure
S2-8, 9. The ionic conductivity calculated from Ryuk with Li-metal non-blocking electrode (o) agrees with
the value evaluated with stainless-steel blocking electrode (o). The error interval represents the standard
deviation of the results obtained from the different voltage biases. (a. Rpux was estimated from the
conductivity test measured with stainless-steel blocking electrodes, because Rpux and Rin were

indistinguishable from the Nyquist plot.)

Electrolyte Li;Ss/AN  Area Thickness Ry (2) Rint () [ oLi os
(mol/mol)  (cm?)  (mm) (Scm™) (Scm™)
DME 0.1 0.71 0.097 104+£01 47715 0.13 1.3x10° 1.6x10°
+0.04
DME 0.2 2.0 0.26 49+0.1 72+8 0.18 2.7x10°3 1.5x10°3
+0.03
DME 0.3 2.0 0.11 11.3+£03 100%3 0.24 52x10% 53x10*
+0.02
DME 0.4 2.0 0.13 52+4 240 £ 20 0.39 1.3x10* 1.3x10*
+0.04
DME 0.6 1.3 0.12 304+£3 262+9 0.45 31x10°% 54x10°
+0.06
DME 1.0 1.3 0.097 608 £ 6 320+ 20 0.54 1.2x10°% 3.1x10°
+0.06
DMC/EC 0.1 0.71 0.10 91+3 232+2 0.30 1.6x10% 21x10*
+£0.01
DMC/EC 0.2 0.71 0.11 244 + 3 3607 0.44 6.6x10° 1.1x10™*
+0.02
DMC/EC 0.3 0.71 0.11 820 £ 20 375+£2 0.55 1.8x10° 29x10°
+0.02
DMC/EC 04 0.71 0.048 1440+ 40 1835 0.63 47x10% 48x10°
+0.05
DMC/EC 0.6 0.71 0.20 6.7 x 10°®  (1.7+0.5) x 0.58 - 42 x107
10* +0.09
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Figure S2-8 Potentiostatic electrochemical impedance spectra (PEIS: a, ¢, €, g, i, k) and chronoamperometry (CA: b,
d, f, h, j, I) of PAN-PBD GPE swollen in DME + LiFSI (1 mol kg—1). The GPE is cross-linked under the Li2S3/AN
ratio = 0.1 (a, b); 0.2 (c, d); 0.3 (e, f); 0.4 (g, h); 0.6 (i, j); 1.0 (k, 1). The EIS is measured after the condition cycle,
and at the end of each CA step. The CA is measured under the constant potential of =5, £10 mV vs. Li+/Li for 2

hours. The lines in the EIS represents the fitting curve to the equivalent circuit shown in Calculation D.
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Figure S2-9 PEIS (a, c, e, g, i)and CA (b, d, f, h, j) of PAN-PBD GPE swollen in DMC + EC (1:1 wt) + LiPFs (1
mol kg™). The GPE is cross-linked under the Li,S3/AN ratio = 0.1 (a, b); 0.2 (c, d); 0.3 (e, ); 0.4 (g, h); 0.6 (i, j).
The EIS is measured after the condition cycle, and at the end of each CA step. The CA is measured under the
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conductivity of the sample. The lines in the EIS represents the fitting curve to the equivalent circuit shown in

Calculation D.
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Figure S2-10 Arrhenius plot of PAN-PBD GPE swollen in (a) DME + LiFSI (1 mol kg™!), and in (b)) DMC + EC

(1:1 wt) + LiPFs (1 mol kg™)
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Figure S2-11 Strain dependence of storage (G’) and loss (G ) modulus of PAN-PBD swollen in (a) DME + LiClO4
(sat. 0.3 mol kg™, and in (b) DMC + EC (1:1) + LiClO4 (1 mol kg™), evaluated under a constant frequency of 1Hz.

The linear viscoelastic regime is evaluated as a strain range in which the G’ is constant (i.e. strain < 1% in this

study).
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Figure S2-12 (a—c) Cross-sectional images of PAN-PBD thin film used as the protective coating for Li metal anode.
LixS;/AN = 0.1 (a), 0.2 (b), 0.4 (c). (d) PAN-PBD thin film peeled off from the stainless-steel substrate by
immersing in DMF. (e) Free-standing PAN—PBD thin film transferred on Cu foil after thorough rinsing in DMC. (f)
Cell configuration used in the Li deposition on PAN-PBD-coated Cu. The coating is fully swollen in the electrolyte
(DMC + EC (1:1) + LiPF¢ (1 mol kg™') + FEC (5wt%)) prior to the cell assembly. A commercial battery separator
(Celgard) is placed on top of the coating.
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Figure S2-13 Voltage profiles during the first deposition of Li metal on uncoated Cu (control cell), and PAN—
PBD-coated Cu (Li>S3/AN = 0.1, 0.2, 0.4). Current density = 0.1 mA cm™. The optical images of the Li metal after

the deposition are shown in Figure S2-14.

Figure S2-14 Optical images of Li metal underneath the PAN-PBD coating after the first deposition on Cu foil.

Current density = 0.1 mA cm™, deposition capacity = 1 mAh cm™.
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Coating

Figure S2-15 SEM images of Li metal after the first deposition on (a) uncoated Cu, and on (b—h) Cu with PAN—
PBD coating cross-linked at Li»S3/AN = 0.1 (b); 0.2 (c, d); 0.3 (e, f); 0.4 (g, h). Li metal is deposited underneath the

coating in (b—f), and on the surface in (g, h). Current density = 0.1 mA ¢cm2, deposition capacity = | mAh cm™2.
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peeled off)

Li on coating

Figure S2-16 Optical images of Li metal after the first deposition on uncoated Cu, and on Cu with PAN-PBD
coating cross-linked at Li»S3/AN = 0.1-0.3. The highlighted region shows the Li metal adhered on the backside of
the coating when peeled off. Li metal plating on the coating surface is observed at Li»S3/AN = 0.3, and when the

capacity is increased to 2 mAh cm™ (Li2S3/AN = 0.2). Current density = 0.5 mA cm™2.
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Figure S2-17 SEM images of Li metal after the first deposition on (a—c) uncoated Cu, and on (d, e, g—i) Cu with
PAN-PBD coating cross-linked at Li»S3/AN = 0.1 (d, e); 0.3 (g—i). (f) Li metal adhered on the coating (Li»S3/AN =
0.1). Current density = 0.5 mA cm™
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Figure S2-18 (a) Optical images of Li metal after the 51% deposition on uncoated Cu, and on Cu with PAN-PBD
coating (Li2S3/AN = 0.1-0.3). The highlighted area shows Li metal plating on the coating surface at Li,S3/AN = 0.3.
(b—d) SEM images of the PAN-PBD coating after 50 cycles of Li deposition/dissolution. Current density = 0.1 mA

cm2, deposition capacity = 1 mAh cm™.
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Figure S2-19 (a, b) Coulombic efficiency (CE) of Li metal deposition/dissolution on uncoated Cu (control), and on
PAN-PBD-coated Cu (Li2S3/AN = 0.1-0.3). (a) CE at each cycle, (b) average CE between 10 and 50 cycle. The

error bar represents the standard deviation. Current density = 0.1 mA cm2, deposition capacity = 1 mAh cm™.

Figure S2-20 (a, b) SEM images of Li metal after the 51%* deposition on PAN-PBD-coated Cu (Li»S3/AN = 0.3).
The sample in the image is the Li deposits adhered on the Cu-side of the coating surface as shown in Figure S2-18.

Current density = 0.1 mA cm™2, deposition capacity = 1 mAh cm™.
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Figure S2-21 Optical images used for the evaluation of the swelling ratio: (a) dry film (b) swollen in pure DMC (c)
in DMC/EC (1:1) (d) in DMC/EC/LiPFs (1 mol kg™!) The circle in the images represents the area of the dry film (a).

1cm

Sample in image: Li»S3/AN = 0.3

(@) (b)

Figure S2-22 Photograph of the tensile test of the dry PAN-PBD film: (a) the film clipped to the instrument (b) the
film before the tensile test and (c) after the break. The dimension of the sample is 10 mm (length) x 4 mm (width) X
0.5 £ 0.2 mm (thickness). Sample in image: Li»S3/AN = 0.6
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Chapter 3 In-situ formed polymer gel electrolytes for lithium batteries with inherent thermal shutdown
safety features

3.1 Introduction

Rechargeable lithium (Li) metal batteries are being intensively studied due to their promises of high energy

densities.[191] Current research focuses on addressing the cycle life issues of the Li metal anode.[2,20,23] Li metal

is known to experience dendrite growth. Coupled with its high reactivity with the organic electrolyte, continuous

consumption of electrolyte and the formation of isolated “dead” lithium leads to cell failure.[192] Another challenge

of Li metal battery is an increased concern for safety. Flammability of organic solvent is an inherent safety problem

of using liquid-based electrolytes including polymer gel electrolytes.[193] The safety issue is more pronounced in Li

metal battery, where highly reactive, mossy Li metal grown on the anode is prone to catch fire.

Current research on Li metal anode overwhelmingly focuses on improving its cycling stability by

suppressing dendrite (or more generally non-uniform) growth and improving coulombic efficiency. General

approaches include: 1) three-dimensional (3D) hosts to minimize macroscopic volume change and reduce local

effective current density which discourages dendrite growth;[69,194] 2) new electrolyte chemistry to affect Li

deposition.[8,195] For example, ether-based electrolyte was found to be more effective than carbonate-based

electrolytes to offer dendrite-free Li deposition;[94,196] and 3) inorganic and polymeric coatings to influence

morphology.[48,53,54]

The fundamental reason for non-uniform Li growth is due to uneven current distribution, ion concentration

gradient in the solution and the heterogeneous nature of the Li surface especially at a high current density. Li

chemically reacts with electrolyte components (both solvent and salts) to form the solid electrolyte interface (SEI)

layer, which is a composite of multiple salts and organic and polymeric compounds.[197] The heterogeneous nature
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of the SEI layer inherently leads to inhomogenecous Li metal growth. Based on this hypothesis, we previously

fabricated a single component layer of lithium methyl carbonate (LMC) on the surface of Li metal by reacting

dimethyl carbonate (DMC) and lithium iodide (Lil), and achieved a stable plating/striping of Li in a mixed

electrolyte of ethylene carbonate (EC), DMC and Lil.[105,198] Lil works as both a source of lithium ion and a

catalyst of the demethylation of DMC, which produces LMC. This rigid inorganic layer on Li metal is chemically

homogeneous and suppresses the dendrite growth.

Compared to tremendous efforts to increase the lithium cycling stability and efficiency, much less attention

has been paid to the safety implications of electrolyte choices. Although ether-based solvents are favored for

high-efficiency lithium cycling, they are highly volatile. Recently, researchers proposed to use electrolytes with very

high concentrations of salts to achieve simultaneous excellent cycle life and safety in both lithium-ion and Li metal

batteries. Yamada et al. showed high concentration of lithium/sodium bis(fluorosulfonyl)imide (LiFSI/NaFSI) in

TMP (trimethyl phosphate) solvent exhibits both fire retarding property and highly reversible cycling of Li* or Na*

ions with graphite anodes.[199] Zhang et al. reported that the highly concentrated LiFSI in triethyl phosphate (TEP)

solution can be diluted with fluoroether, a non-solvating solvent, to decrease the total concentration of the salt, while

maintaining the fire retarding property and enabling the cycle of Li metal anode at high columbic efficiency

(>99%).[92]

Here, we present a new electrolyte for Li metal batteries that enables both stable lithium cycling and a new

built-in safety mechanism that is thermally triggered. A polymer gel electrolyte is in-situ formed between the solvent,

VC, and the salt, Lil. Contrasted from our previous work on the rigid DMC coating, the product from VC and Lil is

a flexible polymer gel, which is more capable of accommodating the volume change of the Li metal anode. The SEI
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layer between the gel electrolyte and Li metal is composed of soft polyVC embedded with hard Li»COs3

nanoparticles, which enables stable Li metal cycling. The coulombic efficiency of Li plating/stripping on Cu

substrate is evaluated as 98.6%. As a safety function, the gel electrolyte can solidify at elevated temperatures, lose

its ionic conductivity, and shut down the battery.
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Figure 3-1 Li metal battery enabling dendrite-free Li cycling at room temperature and thermal shutdown when
temperatures increase. (b) Chemical reactions and physical state of the polyVC-Lil gel inside the battery represented
in (a). Heating of the electrolyte within a controlled time triggers partial polymerizations of VC with I anion to form
the polymer gel network. Prolonged time of heating leads to full polymerization of VC and results in the resistive

solid phase.
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3.2 Experimental methods

3.2.1  Preparation of polyVC-Lil gel electrolyte

0.268 g of Lil (Ultra dry, >99%, Alfa Aesar, U.S.) and 2.0 g of VC (BASF, U.S.) were mixed in a 20 mL

glass vial, and the solution was stirred by a magnetic stirrer at 350 rpm and heated by a hotplate at 80 °C for 1 hour.

The cap of the vial should be slightly open to allow the pressure release because the reaction between VC and Lil

generates CO; gas. All synthesis was conducted inside an Ar-filled glove box. Free-radical polymerization of VC by

AIBN was carried out based on the method reported by Reimschuessel and Creasy.[200] Anionic polymerization of

VC by LiOEt was carried out in DMSO at 80 °C with monomer/initiator ratio of 100 : 1. Synthesized polymer was

purified in deionized water and dried under vacuum.

3.2.2  Characterization

As-prepared polyVC-Lil gel was purified by a dilution in N,N-dimethylformamide (DMF, Fisher Scientific,

U.S.) followed by a precipitation in methanol and rinsing with deionized water. The sample was dried under vacuum

at 100 °C for 4 days. The molecular structure of the dried sample was analyzed with ATR-FTIR (UATR 2,

PerkinElmar, U.S.), and 500 MHz NMR (ECA 500, JEOL, Japan). Deuterated dimethylsulfoxide (de-DMSO, Sigma

Aldrich, U.S.) was used as the solvent in the NMR experiment. The crystal structure of polyVC-Lil electrolyte after

the complete polymerization was analyzed with XRD (D2 Phaser, Bruker, Germany).

The cross-sectional image and the surface morphology of polyVC-Lil gel electrolyte on Li metal/Cu foil

was characterized by SEM (FEI Quanta FEG 250, Thermo Fisher Scientific, U.S.), paired with EDX analysis of C

K¢ O K(and I L( lines with an electron beam of 10 keV. Cryo-EM micrographs were recorded on a field emission

gun JEM-2100F (JEOL), equipped with an OneView camera and operated at 200 keV.[105] The pristine poly VC-Lil
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gel electrolyte was diluted by 10 times in VC and casted on a TEM grid. The electrodeposited Li metal was

dispersed in VC under sonication and dropped on a TEM grid. All the sample preparation and transformation were

performed with Ar protection.[72] The images were taken after the temperature was equilibrated to 100 K.

3.2.3  Electrochemical tests

The surface of Li metal was cleaned by scrubbing with a plastic blade before use. As-prepared polyVC-Lil

gel was soon transferred between two pieces of Li metal and sealed in a CR2016 stainless steel coin cell case for

Li//Li symmetric cell.

A copper (Cu) foil which was cleaned with hydrochloric acid was used in Li/Cu cell for the efficiency test.

Prior to the test, a conditioning cycle was carried out on all the cells. In this step, a Li film was first deposited onto

the Cu foil at 0.5 mA cm for 10 hours, and then fully stripped to 1 V. Another Li film (5 mAh cm™) was deposited

again, only 1 mAh cm™ capacity of Li film was stripped and plated for 10 cycles. Finally, the Li film was fully

stripped to 1 V. The current density during this test was 0.5 mA cm™. The distance between the two electrodes was

controlled by a polypropylene film (25 pm) or a PTFE washer (125 pum) in the middle. The active diameter of the

electrode is 12 mm. Electrochemical test was carried out on LAND-CT2001 battery testing systems (LAND

electronics, China) and Arbin-BT2000 battery tester (Arbin Instrument, U.S.).

Conductivity of the polymer gel was measured with a potentiostat VSP-300 (Biologic Instrument, U.S.).

The gel was placed between two stainless steel rods (diameter = 6.35 mm, distance = 3.0 mm) and heated with

ribbon heater. Alternating voltage (10 mV) was applied after the temperature was stabilized (dT/dt < 0.1 °C min™).

Electrochemical window of the polymer gel electrolyte was evaluated with cyclic voltammetry, using a

three-electrode cell: the working electrode was a stainless-steel foil (SUS304, area = 0.7 cm?); the reference and the
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counter electrodes were Li metal foil. The voltage range was between —0.15 and 3.8 V vs. Li/Li", and the scan rate

was 1 mV s,
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3.3 Results and discussion

3.3.1  Formation and mechanism of thermal shutdown of polyVC-Lil gel electrolyte

A polymer gel electrolyte is synthesized by the gelation of a solution of VC and Lil (I mol kg™") with a

controlled reaction time (1 h) at 80 °C. Lil is the catalyst for the polymerization of VC. The polymerization rate

significantly reduces at room temperature, especially when the polymer gel electrolyte is sealed in a battery cell. The

reduction of VC on the surface of Li metal forms a robust SEI layer and enables dendrite-free cycling of the Li metal

battery (Figure 3-1a). When the battery is heated, the polymerization of VC is accelerated, and the gel electrolyte

turns into a solid phase (Figure 3-1b). Low ionic conductivity of the solidified electrolyte hinders the Li* ion

transport and stops the charging/discharging of the battery.

3.3.2  Molecular structure of polyVC and the polymerization mechanism of VVC catalyzed by
Lil

The polymer gel synthesized with Lil was black in color (Figure S3-1, Appendix). Weight ratio of the

polymer to VC solvent in the gel is 20% as determined by precipitating the polymer fraction in methanol from a

DMF solution. The molecular weight of the polymer shows broad distribution ranging from 103 to 10° Da, as

analyzed by gel permeation chromatography (Figure S3-1c, d Appendix). VC was also polymerized by free-radical

and anionic polymerizations with azobisisobutyronitrile (AIBN) and lithium ethoxide (LiOEt) as initiators,

respectively, to compare with the molecular structures of polyVC initiated from Lil. Despite the fact that free-radical

polymerization of VC by AIBN has been studied for decades,[200-202] to the best of our knowledge, there are no

reported studies on anionic polymerization of VC. The polymer products were precipitated in water and dried at

100 °C under vacuum overnight. Fourier-transform infrared (FTIR) spectra of three types of polyVCs prepared by
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AIBN, LiOEt, and Lil are shown in Figure 3-2a. The C-H alkane stretching at 2990 cm™!in those three polyVCs

derives from the addition reaction on the double bond of VC. The C=0 carbonyl stretching (1800 cm™") and C-O-C

carbonate ester stretching (1160 & 1080 cm™) are present in those three polyVCs, which indicates the cyclic

carbonate unit is preserved after the polymerization.

An additional peak at 970 cm™ is particularly pronounced in polyVCs initiated by Lil and LiOEt. The

five-membered ring of VC is not stable on the anionic attack from alkoxide or I, and ring-opening reaction can take

place. Production of CO, gas from the solution of VC and Lil is observed by gas chromatography with a flame

ionization detector (GC-FID) (Figure S3-2, Appendix). The rate of CO, gas generation increases at a higher

temperature. Krapcho reported that nucleophilic attack from anions can promote the decarboxylation of the substrate

in concerted fashion.[203] The IR peak at 970 cm™ is assigned to C-O-C ether stretching, resulting from the

ring-opening and decarboxylation reaction of the cyclic ester bond. Indeed, anionic polymerization of ethylene

carbonate (five-membered cyclic carbonate) also produces ring-opened structure.[204,205]

'"H NMR analysis (Figure 3-2b) confirms polyVC initiated by AIBN has the simplest molecular structure,

only possessing the cyclic carbonate units (peak a, chemical shift: 5.3 ppm). The main peak of polyVC initiated by

Lil matches with peak a, and two additional peaks (b, ¢) are present. A broad peak (b) between 6.0 and 6.2 ppm is

assigned to H on vinyl group and peak ¢ at 4.6 ppm to H on tertiary carbon bonded with oxygen atom and ethylene

carbonate unit. The presence of vinyl group supports the ring-opening reaction during the polymerization, and

tertiary carbon suggests a branched structure in the cyclic carbonate chain.

According to our observation that the polymerization of VC proceeds with the decarboxylation, lithium

iodoalkoxide (by-product of the decarboxylation of VC) is likely the initiator of the polymerization (see Figure S3-3
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in the Appendix for the reaction scheme). Alkoxide attacks the double bond of VC and the polymerization

propagates. Substitution reaction of iodo group by alkoxide adds vinyl ether group in the polymer structure and

regenerates the I anion. Ring-opening reaction can occur on the main chain of cyclic carbonate in polyVC.

Branching of the polymer chain is then accomplished by the substitution reaction of iodo group by anionic end

group of another polymer chain.

A solution of VC and Lil (1 mol kg™") was stored at room temperature under Ar atmosphere for a prolonged

period time to study the composition and the crystal structure. The sample gradually turned to a gel and finally to a

hard solid after five months. IR spectra of the solid polyVC-Lil electrolyte only shows the peaks of polyVC and

unreacted residual VC (Figure S3-4a, Appendix). The catalytic reaction between Lil and VC is specific, and polyVC

and CO; are the only major products. Interestingly, powder X-ray diffraction (PXRD) of the polyVC-Lil electrolyte

shows only a broad peak of polyVC, and Lil is completely amorphized in the polymer matrix (Figure S3-4b,

Appendix).
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Figure 3-2 (a) IR spectra of polyVCs polymerized with AIBN, Lil, and LiOEt as the initiator. (b) '"H NMR spectra

of polyVCs polymerized with AIBN and Lil. (¢) Conductivity of polyVC-Lil electrolyte at increasing temperature

(average heating rate is 0.3 °C min™'). (d) Cyclic voltammetry of the polyVC-Lil electrolyte on a stainless-steel

working electrode. Scan rate was 1 mV s\,
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3.3.3  Conductivity and electrochemical window of polyVC-Lil gel electrolyte

The conductivity of the polyVC-Lil gel electrolyte at 25 °C is evaluated as 1.8x107> S ¢m™, which is

comparable to the conductivities of other organic liquid electrolytes. The conductivity increases linearly with

increasing temperatures (average heating rate was 0.3 °C min™!) until 60 °C, following the Arrhenius equation

(Figure 3-2¢). However, the conductivity starts decreasing above 60 °C, because polymerization of VC solidifies the

electrolyte. Decay of the conductivity at high temperatures is expected to shut down the battery.

The electrochemical window of the polyVC-Lil gel electrolyte was analyzed by cyclic voltammetry (Figure

3-2d). The electrolyte was very stable down to lithium plating potential, but oxidative current was observed above

3.5 V vs. Li/Li*, which is due to the oxidation of iodide anion in the electrolyte. The oxidation potential of Lil in the

polyVC-Lil gel electrolyte is higher than the oxidation potential in a liquid ether electrolyte (2.9 V vs. Li/Lit+).[206]

3.3.4  Electrochemical performance of Li metal anode with polyVC-Lil gel electrolyte

The polyVC-Lil gel was directly applied as the electrolyte in Li//Li symmetric cell. In order to examine the

intrinsic property of this gel electrolyte, a plastic washer was used to control the thickness of the electrolyte instead

of using a membrane support (Figure S3-5, Appendix). With the electrolyte thickness of 25 um, Li/polyVC-Lil/Li

cell can cycle over 1500 hours without shorting at a constant current density of 1 mA cm™ and areal capacity of 1

mAh cm (Figure 3-3a). With a thicker electrolyte (125 um), the cell can be cycled at a higher current density of 5

mA cm? (Figure 3-3b). The polarization in the voltage curve becomes flat after a couple of cycles at the beginning,

which indicates stable plating and dissolution of Li metals.[207] Coulombic efficiency of lithium deposition in this

polyVC-Lil gel was evaluated by plating/stripping Li metal on Cu foil (Figure 3-3c), and a high efficiency of 98.6%

is achieved at 0.5 mA cm?. As a comparison, the cycling efficiency of Li metal in a carbonate electrolyte of
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EC/DMC/LiPF¢ with 2 wt% VC additive was reported as only 80%.[208] Recently, Hu and co-workers reported an

electrolyte using VC as the major solvent with 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt, and

the Li cycling efficiency in this electrolyte is 97%,[209] which is comparable to the efficiency in polyVC-Lil gel

electrolyte. The high efficiency of cycling Li metal suggests VC is a promising solvent to protect Li metal from

parasitic side reactions with the electrolyte.
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Figure 3-3 Cycling performance of Li/Li symmetric cell with separator-free polyVC-Lil gel electrolyte at a current
density of (a) 1 mA ¢cm™ and (b) 5 mA ¢cm2. Thickness of the electrolyte is: (a) 25 pum; (b) 125 um. (c) Efficiency
test of Li plating/stripping with Li//Cu cell. PolyVC-Lil gel electrolyte with 125 um thickness was placed between
the Cu and Li metal foils.
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3.3.5  Characterization of the interface between polyVVC-Lil gel electrolyte and Li metal

The morphology of cycled Li metal and the polymer coating layer was observed by scanning electron

microscope (SEM) after 1000 hours of lithium plating/stripping in a Li//Li symmetric cell at a current density of 5

mA cm?and a capacity of 1 mAh cm™ (Figure 3-4a). Elemental mapping of the cross section clearly indicates the

polymer layer on the lithium surface (Figure 3-4b-d). The surface of the polymer layer is smooth and dense (Figure

3-4e-h) while the cycled Li shows a dendrite-free morphology.

The morphology of Li metal deposited on Cu foil (Current density = 0.5 mA cm™, areal capacity = 5 mAh

cm™2) was also examined (Figure 3-4i-k). The dark region in the elemental mapping of C and O indicates the layer of

Li metal. Interestingly, the Li metal deposited near the Cu surface shows fibrous morphology, while the Li metal is

dense near the polymer electrolyte (Figure 3-41). Possibly, as Li metal is deposited from the Cu substrate into the gel

electrolyte the pressure on the growing tip of the Li metal increases and results in the dense morphology.

To further prove that the polymerization of VC by Lil contributes to the stabilization of Li metal, Li metal

was deposited on Cu foil in VC-Lil electrolyte before and after gelation. The morphology of the electrodeposited Li

metal was observed by SEM. A beaker cell was used in this experiment to eliminate the influence of pressure

between the polymer gel and the electrode (Figure S3-6, Appendix). Under atmospheric pressure, the Li metal grows

into larger particles when deposited in the gel state compared to the liquid state. To note, when LiPFs is used instead

of Lil in the pure VC electrolyte, the polarization of Li plating is significantly higher and Li metal grows in a

dendritic form, indicative of a beneficial role of Lil. We postulate that, unlike complex polyanions such as PF¢, the

irreducible nature of the iodide ion prevents the formation of other inorganic anions which would introduce

interfacial inhomogeneity and promote dendrite growth. The formation of the polymer gel electrolyte through
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selective decarboxylation and polymerization of VC thus leads to a robust and stable SEI layer consisting of Li,CO3

as the inorganic component and enables highly stable lithium cycling. Finally, it is also possible that high viscosity

and elasticity of the gelled electrolyte enhances further the stability of the Li metal surface.[31-33]
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Figure 3-4 SEM image (a) and elemental mapping (b-d) of cross section of Li metal after cycling for 1000 hours at
a current density of 5 mA cm™ with a capacity of 1 mAh cm™. Scale bar = 10 um. Surface SEM images (e, f, h) of
the polymer coating on Li metal at increasing magnifications and the elemental mapping (g) of the image (f).
Cross-sectional SEM image (i) and elemental mapping (j, k) of electrodeposited Li metal on Cu substrate at a plating
current density of 0.5 mA ¢cm with a capacity of 5 mAh ¢cm~ in polyVC-Lil gel electrolyte. Scale bar = 50 um. (1)
Magnified view of the Li metal on Cu substrate. Fibrous, and dense morphologies of Li metal are observed on the

Cu side, and the polymer side, respectively.
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3.3.6  Cryo-EM analysis of the SEI layer on Li metal

The structure and the composition of the SEI layer is directly visualized with cryogenic electron

microscopy (cryo-EM) analysis.[49,72] Pristine polyVC-Lil gel electrolyte before cycling shows an amorphous

structure (Figure 3-5a), and no diffraction point is observed in the fast Fourier transform (FFT) pattern in Figure

3-5b. This result agrees with the PXRD pattern of polyVC-Lil electrolyte, where Lil is completely amorphized in

the polyVC matrix (Figure S3-4b, Appendix). After 10 cycles of Li//Li cycling in polyVC-Lil gel electrolyte, Li»O,

and Li,COs particles are observed on the electroplated Li metal (Figure 3-5c¢). The FFT pattern (Figure 3-5d)

confirms the lattice space of Li,COs (110), (200), (002) planes and Li,O (111) plane. The Li,O (111) plane in the

marked region of Figure 3-5c align in the same direction, and thus those Li,O particles likely belong to one larger

particle. Li,O comes from either surface oxidation during the sample preparation or the decomposition of VC. The

particle size of Li,COs ranges from 10 to 20 nm and is larger than those (c.a. 3 nm) produced from a carbonate

electrolyte of ethylene carbonate (EC)/diethylene carbonate (DEC)with 1 M LiPF¢.[71] The in-situ decarboxylation

of VC in the electrolyte increases the concentration of CO, and promotes the growth of dense and large Li,COs

particles. Except for Li»CO;3 and Li>O, no other crystalline SEI component, such as lithium methylcarbonate (LMC),

[105] are observed. Amorphous region in Figure 3-5c¢ is likely occupied by polyVC, as the amorphous nature is

shown in Figure 3-5a.

We would like to put the composition and function of this unique SEI layer into the context of previous SEI

engineering approaches. The chemical composition of SEIs are usually very complex, comprised of a mixture of LiF,

LixCOs3, Li0, various forms of lithium alkyl carbonate, and polymers.[197,210] This is a direct result of the strong

reductive ability of Li metal when exposed to organic solvents and lithium salts with complex anions. As a result,
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the exact role of different components in determining cycling stability is unclear. To make the case even more

complex, it is a popular practice to add additives to improve the SEI. For example, fluorinated organic solvents[211—

215] and fluoride salt[8,196,216] additives can preferentially be reduced at the anode, thus forming more desirable

SEIs. [10,195,217] Lithium fluoride (LiF) is widely believed to be the key SEI component because of the low

solubility in the electrolyte, the high electrochemical stability, and the mechanical robustness.[59] Meanwhile, the

addition of CO; in the electrolyte is also known to improve the cycle performance, because of the formation of

Li,COs in the SEI layer.[218-220]

The SEI layer made from VC and Lil in this study is free from fluoride compounds. Therefore, it is clear

that Li,CO3 and amorphous polyVC alone are effective to stabilize the interface between the electrolyte and Li metal.

Elimination of the decomposition reaction of lithium salt by using Lil simplifies the interface chemistry and helps to

define the composition of SEI layer.
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Figure 3-5 Cryo-EM image (a) and FFT pattern (b) of polyVC-Lil gel electrolyte. Cryo-EM image (c) and FFT
pattern (d) of the SEI layer on Li metal after Li/Li symmetric cycling for 10 cycles at 1 mA cm™2, ImAh cm™.

Direction of the lattice planes in each crystal grain are emphasized by the straight lines.
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3.3.7  Thermal shutdown of Li//LTO cell test with polyVVC-Lil gel electrolyte

PolyVC-Lil gel electrolyte was tested in a full cell to demonstrate its potential application. LTO was

selected as the cathode material and cycled between the cutoff voltages of 1 and 2 V vs. Li*/Li, well below the

oxidation potential of I" (3.5 V svs. Li*/Li). During the first discharge, an irreversible capacity of 25 mAh g is lost

in the reductive reaction of the gel electrolyte (Figure 3-6a). A passivation layer likely forms on the cathode side

during this first discharge, and this irreversible reaction gradually diminishes in the following cycles. The increasing

polarization with cycle numbers suggests the formation of a thicker polyVC layer on the cathode side. Since the

increase of polarization was not observed in Li//Li symmetric cell during long term cycling (Figure 3-3a, b),

polyVC-Lil gel electrolyte is more stable with Li metal compared to LTO cathode. Despite the slow capacity decay,

the cell still maintains half of the initial capacity (75 mAh g') after 700 cycles of charging/discharging at a rate of 1

C (Figure 3-6b). Recovery of the capacity by slowing down the charging/discharging rate (to 1/4 and 1/8 C after

1203 cycles) indicates kinetic barrier is a source of the capacity degradation.

The temperature of LTO cell was increased in the middle of the charging step at room temperatures to

evaluate the thermal shutdown function. When the cell temperature is increased to 60 °C, the overpotential of the cell

decreases by 20 mV, because the ionic conductivity of the electrolyte increases, while the polymerization rate is

slow at this temperature (Figure 3-6¢). When the temperature reaches 80 °C, the polymerization rate of VC is

accelerated, resulting in a complete loss of the capacity within 30 min (Figure 3-6d). The impedance of the LTO cell

increases from 200 Q to 2x10° Q after heating at 80 °C (Figure 3-6¢), and the electrolyte turned into a solid (Figure

S3-7, Appendix).
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Figure 3-6 Voltage profile (a) and specific capacity (b) of Lil/LTO cell cycled in polyVC-Lil gel electrolyte at the
indicated C-rate. (c) Voltage profile and cell temperature of Li//LTO cell. The cell temperature was increased in the
middle of 22" charging step. (d) Discharge capacity of Li//LTO cell and the cycle number. (¢) Impedance spectra of
Li//LTO cell after precycle (2 cycles at 20 pA cm™), 21 cycles (at 40 nA cm™), and heating at 80 °C.
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3.4 Conclusions

Thermal shutdown function using a polymer gel electrolyte was demonstrated in Li metal battery for the

first time. Thermally activated in-situ polymerization was successfully implemented in the self-protective battery.

Combination of VC and Lil also stabilizes the surface Li metal by forming the SEI layer composed of Li,CO3 and

polyVC. Nucleophilic attack of Lil on VC produces CO,, and lithium alkoxide, which initiates anionic

polymerization of VC. Lil is completely amorphized in the polyVC matrix. The composite SEI layer with 20 nm

dense Li,COs grains embedded in amorphous polyVC matrix results in stable Li/Li symmetric cycling for over

1000 hours at 5 mA c¢cm? and 1 mAh cm™, achieving 98.6% coulombic efficiency of Li plating/stripping. The

thermal shutdown function of the gel electrolyte is also demonstrated in a Li//LTO cell with promising cycling

stability. We are mindful that the use of Lil as the salt limits its upper operating voltage to 3.5 V. As a result, we are

actively pursuing the use of Lil-containing polyVC gel electrolyte to enable stable cycling of sulfur-based cathodes,

which will be reported elsewhere. The idea of using irreducible lithium salt (Lil) and catalyzed chemical reactions to

control the composition of SEI layer leads to a better understanding of the interfacial chemistry inside batteries. The

work also clearly shows the potential of a fluorine free electrolyte chemistry for Li metal batteries.
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3.6 Appendix
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Figure S3-1 Photograph of VC-Lil (1 mol kg™') solution before heating (a) and after heating (b) at 80 °C. (c)
Weight ratio of polyVC to the initial amount of VC ([VC]o = 2 g) monomer after varied reaction time (r =80 ° C).
The polymer gel after 60 minutes of reaction is used as the electrolyte in the experiment, and the weight ratio of
polyVC to solvent VC in the gel electrolyte is 1:4. (d) Reflective index (RI) intensity vs retention time of polyVC
after 50 min, 60 min and 120 min of the reaction. Number-averaged molecular weight (M;) of the polymer at each

peak is labeled in the figure. The polyVC synthesized with Lil shows a broad distribution of the M.

132



co,
- 4
=
s
@
u = —1
-
L
=
3
o | M. (eluent) i
< | 60°C ") L
24 °C ‘ L
i i i i ] i i i i | i i i L
0 5 10 15

Retention time (min)

Figure S3-2 Gas chromatography of the gas generated during the polymerization of VC by Lil at 24 and 60 °C.

133



Figure S3-3 Initiation, propagation, and branching reactions of polyVC which is polymerized from VC and Lil.
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Figure S3-4 (a) IR spectrum of solidified polyVC-Lil gel electrolyte after five months of storage under Ar
atmosphere, and the spectrum after removal of Lil. (b) Powder X-ray diffraction pattern of solidified polyVC-Lil
electrolyte before (PolyVC-Lil)/after (PolyVC) removal of Lil. No Lil peaks are visible in the polymer gel.
Diffraction pattern of Lil is cited from Inorganic Crystal Structure Database (ICSD) 414244.
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Figure S3-5 Cross section and top view of Li//Li symmetric cell. The two electrodes are separated by a plastic
washer with a thickness of 125 um and 25 um (PTFE for 125 pum, PE for 25 pm). The inner diameter of the washer

is 12 mm. The cell is crimped into CR2016 coin cell case.
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Figure S3-6 (a) Potential profile of Li//Li symmetric cycling in a test tube flooded with various VC-based
electrolytes: VC + 1 mol kg™! LiPFs; VC + 1 mol kg™ Lil at liquid state; VC + 1 mol kg™ Lil at gel state. 5 mAh
cm 2 of Li was deposited on Cu foil and 1 mAh cm2 of Li was stripped/deposited repeatedly for 9 cycles. (b) Photo
images of the state of the electrolytes before (left column) and after (right column) Li//Li cycling. (c) SEM images
of the deposited Li metal on Cu foil. Scale bar = 20 um. The inset shows the photo image of the electrodeposited Li

on Cu electrode.
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Figure S3-7 VC-based polyVC-Lil gel electrolyte after heating at 80 °C. The gel was completely solidified and

covered the surface of Li metal.
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Chapter 4 High Seebeck coefficient electrochemical thermocells for efficient waste heat recovery

41 Introduction

The electrochemical potentials of reversible electrode reactions are usually functions of temperatures due to

entropy changes. This effect can be explored to convert thermal energy into electricity.[221,222] Thermocells are

constructed with identical electrochemical redox pairs on both electrodes which operate at different temperatures.

As a result, a voltage is generated in the thermocell.[223-226] This simple setup and the use of inexpensive

materials as compared to solid thermoelectric materials[227] have stimulated its applications for waste-heat

recovery,[223,228,229] power source for wearable devices,[230,231] and liquid cooling system[232].

Seebeck coefficient is a partial derivative of the electrochemical potential with respect to the temperature

(OE/OT).[233] Much effort has been devoted to maximize this value since large voltage directly translates to higher thermal

efficiency (7):[234]

_ Noc?
1= akAT

(4-1)

o, and « are, respectively, the ionic, and thermal conductivity of the electrolyte solution, V. is the open-circuit

voltage, and AT is the temperature gradient. Consider a reversible redox reaction: A + ne < B

Using the equation of Gibbs free energy and Nernst equation, the Seebeck coefficient is:

O ASuntASy 0 RT o
aT =~ . tortnr MG @42

F is the Faraday constant and R is the standard gas constant. n is the stoichiometric number of electrons in the

redox reaction. ASredox, and ASys, are entropy changes of redox reaction and vaporization, respectively. The first term is

negative when oxidation occurs at higher temperatures, and thus the Seebeck coefficient is negative, vice versa. ca; and

Ca2 are the respective concentrations of the redox specie A in the hot and cold sides of the thermocell, whereas the
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concentration of the specie B is assumed to be constant.[235] ASreqox Of transition metal redox couples was studied by

Weaver and coworkers.[236-239] Solvent effect on ASreqx and Seebeck coefficient has also been systematically

studied.[240-242] The Seebeck coefficient can also be increased by introducing the concentration difference between cas

and caz in equation (2), which is previously achieved by exploring host-guest chemistry.[235,243] However, the Seebeck

coefficient is still limited to ca. 2 mV K.

The Bro—Br thermocell, which was first proposed by Lalancette[244] and developed by Endo[245], and

Shindo,[246,247] can exhibit a Seebeck coefficient of 5.68 mV K when the hot side is operated above the boiling point

of Br,.[246] The vaporization of Br; increases the Seebeck coefficient, however, the extremely corrosive Br, vapor limits

its application. Previously, a thermally regenerative fuel cell, using hydrogenation of acetone to iso-propanol, was studied

by Ando and coworkers.[248-251] Chemical heat pump involving dehydrogenation of iso-propanol and hydrogenation of

acetone was studied by Saito and coworkers.[252—255] However, no study on the Seebeck coefficient and thermoelectric

power of a thermocell based on this couple has been reported.

Here we demonstrate a thermocell based on the redox couple of acetone and iso-propanol (Figure4-1). When the

hot side is operated at a temperature above the boiling point of acetone, its vaporization is utilized to create a large

concentration difference (cai/ca2< 1). The Seebeck coefficient is raised to —9.9 mV K, the highest value reported so far

for any redox couple. The thermal efficiency is 1.57% with respect to the Carnot efficiency, which is comparable to the

conventional ferri/ferrocyanide redox couple.[256] Unlike the Br./Br~ couple, this redox couple is environmentally benign.

Reversible redox reaction of acetone and iso-propanol is observed for the first time in a neutral pH solution. This is

essential for the application of thermocells, because self-condensation of acetone occurs in both acidic and basic solutions

at elevated temperatures.[257]
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Vaporization

Figure 4-1 Scheme of the acetone—iso-propanol thermocell. Oxidation of iso-propanol to acetone occurs at the hot
side, and reverse reaction occurs at the cold side. Acetone vaporizes when hot side temperature is above its boiling

point.
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4.2 Experimental methods

421 Materials

H,PtClg (YSI, Inc, received as 3% aqueous solution), SnCls (Sigma Aldrich), concentrated sulfuric acid

(Fischer Scientific), Li»SO4 H,O (Fischer Scientific), acetone (Fischer Scientific, HPLC grade), iso-propanol

(Macron Fine Chemicals, ACS reagent grade) were used as received.

4.2.2  Preparation of platinum-tin (Pt-Sn) electrode

Platinum foil (§ mm x 15 mm) was polished with fine sandpaper to remove any debris on the surface and

further cleaned by scanning to —0.5 V vs. Ag/AgCl (saturated KCl) in 0.5 M sulfuric acid solution. Pt-Sn electrolyte

(aqueous solution of 0.012 M H,PtCls, 0.28 M SnCls, and 0.50 M H,SOj4) was purged with argon gas for 20 minutes

to remove the oxygen in the solution. Pt-Sn was deposited on the cleaned Pt foil by scanning between —0.25 V and

0.55 V vs. Ag/AgCl at a scan rate of 50 mV/s for 100 cycles, with another Pt foil as the counter electrode. The scan

was ended at —0.25 V to generate the catalyst in its reduced form. The active area of electrode covered with Pt-Sn is

0.5 cm?. The density of electrodeposited Pt is 3.90 mg cm™.

4.2.3  Assembly of thermocell

The thermocell was assembled by simply connecting two flasks with hollow tubes (diameter = 0.7 cm,

length = 18 cm) through which electrolytes flow between the hot and cold compartment (Figure S1). Total of 30 mL

of aqueous solution of 10 vol% acetone, 10 vol% iso-propanol and 1.0 M Li,SO4 was used. The top of the two flasks

were connected with a gas bridge which was also heated at the same temperature of the hot-side cell in order to

prevent condensation of gaseous acetone in the gas bridge.
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4.2.4  Electrochemical testing of thermocell

The electrolyte was vigorously stirred at 400 r.p.m. to homogenize the solution. The thermocell was heated

after the open-circuit voltage (OCV) of the cell became stable. The hot-side temperature was increased stepwise and

held at constant until the OCV stabilized at plateau values. Linear sweep voltammetry was carried at various

temperatures, at a scan rate of 10 mV s™! from OCV to 0 mV in order to evaluate the current-voltage profile of the

thermocell (VSP300, Bio-Logic Science instruments). Chronoamperomety was carried out at loading voltages of 0,

50, 70, and 100 mV (Interface1000, Gamry Instruments).

4.25 SEM/EDX analysis

Particle size and chemical composition of Pt-Sn catalyst was evaluated with scanning electron microscope

(SEM, FEI Quanta FEG 250) and energy dispersive x-ray (EDX). Pt-Sn electrode as prepared was soaked in

deionized water overnight and washed thoroughly with water and acetone before the characterization.
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4.3 Results and discussion

Oxidation of alcohols including iso-propanol on Sn-modified Pt catalyst has been well studied for the past

two decades.[258-263] However, the reaction is usually conducted in strong acidic solutions. When acetone is

heated with strong acid, the self-condensation readily occurs to produce phorone and acetone-derived polymers[257].

In addition, the reduction of acetone to iso-propanol on platinum catalysts has not been reported. Here, we

electrodeposited a Pt-Sn catalyst on Pt substrate, which forms an aggregation of the nanoparticles with a diameter of

100 nm (Figure4-2a, inset). Energy dispersive x-ray analysis (EDX) reveals atomic ratio of Pt and Sn is 9:2

(Figure4-2a).

Cyclic voltammetry of a mixture of acetone and iso-propanol in a neutral pH solution (Figure4-2b) shows

peaks of reduction of acetone and oxidation of iso-propanol at —0.35 V and —0.15 V at 21 °C, respectively. The peak

height increases with the square root of the scan rate (Figure S4-4, Appendix), which indicates the reaction is limited

by diffusion of the active species.[264] The oxidative current of iso-propanol increases with temperature, while the

reductive peak current of acetone decreases (Figure4-2c). Oxidation of one iso-propanol molecule produces one

acetone and two protons, which increases ASrdox. Thus, the reaction equilibrium shifts to the acetone side and

oxidation of iso-propanol dominates at higher temperatures. These results indicate that a thermocell with

iso-propanol oxidation on the hot side and acetone reduction on the cold side is expected to generate power._
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Figure 4-2 (a) Energy dispersive x-ray (EDX) analysis of Sn-modified Pt catalyst. The inset shows the scanning
(SEM) and EDX was (b)

Hydrogenation/dehydrogenation of acetone and iso-propaol on Pt-Sn elecctrode at 21 °C with various scan rates.

electron  microscopy image, performed at the selected area.

The first three cycles of cyclic voltammetry of an aqueous solution of acetone and iso-propanol (10 vol% each) with

1 M LixSO4 as the supporting electrolyte is shown. Baseline

voltammetry when the temperature was raised from 21, to 48, and 69 °C. Scan rate = 50 mV s\
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Open-circuit voltage (Vo) increases linearly with increasing temperature differences between the hot and

cold sides (Figure4-3a). The Seebeck coefficient is evaluated as a slope of the least-square fitting to the V.. The

Seebeck coefficient is —3.4 mV K!, between AT = 0 to 40 K, however, the value increases to —9.9 mV K! as AT

exceeds 40 K. We found out that the heating of the gas bridge which connects the hot-side and cold-side cells

promotes the mass transfer of acetone vapor and is essential for the increase of the Seebeck coefficient (Figure S4-5,

Appendix). Because acetone evaporates from the hot side, cai/ca2 < 1 in equation (4-2), and the Seebeck coefficient

shift to negative values. The concentrations of iso-propanol in the hot side and cold side are approximated to be

equal, because the vapor pressure of iso-propanol is much smaller than that of acetone (Figure S4-7a, Appendix).

ASiedox 1 evaluated as 656 J K=' mol™' from the Seebeck coefficient (3.4 mV K™') at AT < 40 K, where

vaporization of acetone is negligible. Duan and coworkers[265] evaluated AS.p of acetone in water as 230 J K™

mol™!. According to equation (4-2), AS.., contributes to the increase of Seebeck coefficient by —1.2 mV K™!, as

indicated in Figure4-3b. We evaluated the partial pressure and the concentration of acetone in the hot-side cell from

Henry’s law[266] (Figure S4-7b ¢, Appendix). The partial pressure of acetone vapor increases significantly at AT >

40 K, and acetone vapor starts diffusing from the hot-side cell to the cold-side cell. The concentration gradient has

greater contribution to the increase of the Seebeck coefficient compared to the vaporization entropy (Figure4-3b).

The Seebeck coefficient and working temperature of the thermocell evaluated in this study, and those

results reported in the recent literatures are summarized in Figure4-3c. As mentioned above, Seebeck coefficients of

most of redox couples are limited to around 2 mV K~!. Although the Bro/Br~ redox couple exhibits high Seebeck

coefficient, the working temperature is confined in a narrow range, because the V. rapidly decays to zero below

50 °C.[246]
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Acetone—iso-propanol thermocell exhibits high Seebeck coefficient (3.4 mV K') even below the boiling

point of acetone (20-60 °C), which effectively increases the range of working temperature. Above 60 °C, the phase

change of acetone from liquid to gas state increases the Seebeck coefficient by a factor of three, reaching the highest

value ever reported. The working temperature of the organic thermocell can be tailored by selecting the redox

species with different boiling points. For example, quinone-related compound, which has been used in organic redox

flow batteries,[267,268] possibly increases the working temperature above 100 °C.
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Figure 4-3 Open-circuit voltage of the hot-side electrode vs. the cold-side electrode in acetone—iso-propanol
thermocell. Experimental data obtained from the two thermocells is plotted. The cold-side temperature is maintained
at 20-23 °C. Seebeck coefficient is evaluated from the least-square fitting. (b) Simulation results of the additional
voltage due to the vaporization entropy (ASyap term) and the concentration gradient (Nernst term) calculated from
equation (4-2). Sum of the two terms agrees with the experimental results in (a). (c¢) Comparison between the
Seebeck coefficient (absolute value) and the working temperature of acetone—iso-propanol thermocell (red), and
those of other redox systems (blue): Fe(CN)s*"*= ferri/ferrocyanide[256]; Co(bpy);>*3*= cobalt trisbipyridyl[240];

I;7/I" + (<CD (( -cyclodextrin as a host molecule)[235]; Bro/Br[246]. Vaporization of acetone realizes the highest
Seebeck coefficient.
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Linear-sweep voltammetry (LSV) shows output current increases with increasing temperature differences

(Figure4-4a). The slopes of current-voltage lines are the same, indicating the resistance of the cell is unchanged with

temperature. Cyclic voltammetry (CV) at AT = 50 K (Figure4-4b) shows a reversible current—voltage profile. It is to

note that in LSV measurement, capacitive current (non-Faradaic current) can increase the total current, while CV

measurement uses staircase-voltage step (current is measured after voltage change) to minimize the influence of

capacitive current. The current-voltage profiles at a scan rate of 5 mV s™! and 50 mV s overlap, indicating the

current is limited by Ohmic resistance of the cell, which is calculated as 11.5 kQ. This high Ohmic resistance may

be due to the long distance between the hot-side and cold-side electrodes (18 cm), which is designed to reduce the

heat flux from the hot side and realizes the large AT in our setup. At a slower scan rate (1 mV s™), reaction kinetics

of acetone/iso-propanol starts to limit the output current, and the current—voltage profile deviates from linearity. The

output current can be improved by optimizing the cell dimension and decreasing the distance between the

electrodes.[269]

The output current measured by chronoamperometry at discharge voltages of 0, 50, 100 mV (Figure4-4c)

qualitatively agrees with the current—voltage profile (Figure4-4b). The output current at discharge voltage of 70 mV

lasts for 60 hours without degradation, indicating Pt-Sn electrode is free from poisoning of acetone/iso-propanol,

and the concentration gradient of acetone is maintained. Neutral pH solution is the key for the long-term stable

operation, whereas a precipitation of self-polymerized acetone was observed in the sulfuric acid solution (Figure

S4-9, Appendix).

The ionic conductivity of acetone—iso-propanol electrolyte was evaluated as 40 mS cm™ at 47 °C (Figure

S4-10, Appendix). Thermal efficiency of the thermocell discharged at 70 °C vs. 23 °C is calculated from equation
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(4-1), (see Appendix 2-4 for the full derivations). The absolute efficiency is, 7= 0.215%, which is 1.57% of the

3-/4-

Carnot efficiency. This value is comparable to the previously reported efficiency of Fe(CN)¢*"* redox couple.[256]
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Figure 4-4 I-V plot and stability of acetone—iso-propanol thermocell. (a) Linear-sweep voltammetry of the
thermocell at various temperature differences applied. Scan rate = 10 mV s~!. Each line is scanned from the
open-circuit voltage. (b) Cyclic voltammetry of the thermocell at the temperature difference of 50 K. Each cycle is
scanned from the open-circuit voltage to 10 mV. (¢) Chronoammperometry of the thermocell discharged at 0, 50,
and 100 mV for 1 hrs, respectively, and (d) the thermocell discharged at 70 mV for 60 hrs. Current values between

each dots were averaged for clarity, and error bars indicate the standard deviation. Active area of Pt-Sn electrode was
0.5 cm? (a-d).
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4.4 Conclusions

In summary, the Seebeck coefficient of acetone—iso-propanol redox couple is reported, which increases
from —3.4 mV K! to an unprecedented value of —9.9 mV K above the boiling point of acetone. We circumvented
the problematic poisoning of the catalyst, and self-condensation reaction of acetone by using a Sn-modified Pt
catalyst, and a neutral pH solution, respectively. In addition, neutral pH solution is free from corrosions and enables

the use of metal containers, which will facilitate the cell design.
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4.6 Appendix

Figures

@)

(©

Figure S4-1 Setup of the acetone—iso-propanol thermocell (all photos taken by the author). (a) Two round flasks are
connected with liquid bridge (back) and gas bridge (front). The hot-side flask and the gas bridge are rapped and
heated with ribbon heater which is not shown in the picture. Liquid temperature of the hot side (T1), that of cold side
(T2), and temperature inside the gas bridge (T3 is hot side; T4 is cold side) were measured with four thermocouples
(see Figure S4-2). (b) Liquid bridge is filled with an electrolyte solution. Acetone evaporates from the hot side and
condenses at the cold sides via gas bridge. (c) The whole cell is on the stirring plate, and a stir bar is placed on the
bottom of the flask. The solution is stirred at 400 r.p.m. The tip of a Pt foil on which is covered with Pt-Sn catalyst is
dipped in the solution. (d) The total area of Pt-Sn deposited on a Pt foil is 0.5 cm? (including both sides), as
indicated in the picture. (e) Cold-side cell where acetone vapor condensed, and the liquid droplets were observed on
the flask wall.
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Figure S4-2 Open-circuit voltage and temperatures indexed in Figure S4-1a: T} hot-side liquid temperature; 7> cold
side liquid temperature; 73 hot-side gas temperature; 74 cold-side gas temperature. The data corresponds to
Thermocell 1 in Figure 4-3a, main text. The open-circuit voltage increases with increasing 7' (73) and stabilizes

when temperatures are maintained at constant value.
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Figure S4-3 (a) Cyclic voltammetry of electrodeposition of PtSn on Pt foil. Broad reductive peak between —0.25
and 0 V corresponds to adsorption of hydrogen atom on Pt surface: Pt + H" + e~ — Pt-H. (b) Charge passed between
—0.25 and 0 V increases with increasing cycle numbers, because surface area of active Pt increases. Assuming a new
layer of PtSn is deposited on the preceding layer at every cycle, the loading amount of Pt is calculated from the total

charge, which is equal to the area of shaded triangle: 3.90 mg cm™
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Figure S4-5 Open-circuit voltage (Voc) between the hot-side electrode and the cold-side electrode in acetone—
iso-propanol thermocell. The cold-side temperature was maintained at 20-23 °C. The heating of the gas bridge
(Figure 4-1 and Figure S4-1) allows acetone vapor to transfer from the hot side to the cold side and increases the V.
Without heating the gas bridge, acetone vapor condenses at the neck of the hot-side cell and keeps refluxing inside.

Average heating rate = 1 °C min.
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Calculation E: Calculation of vaporization rate through gas bridge

Two flasks, cell 1 and cell 2 are connected by a gas bridge and a liquid bridge. Temperature gradient is given
between cell 1 and cell 2 by heating cell 1. Mole fractions of acetone vapor in the cells are

y, = P
! Do
y, = A2
2 Do

pa1 and paz is vapor pressure of acetone in cell 1 and cell 2. po is total pressure in the cell, and po = 1 atm.
Flux of acetone gas is caused by molecular diffusion and convection of gas:

Po Dgas dy

]gas = RT E + y]gas (S1.1)

R is standard gas constant, Dgss is diffusion constant of acetone in gas phase, z is a distance from the surface of

aqueous phase in cell 1 to that in cell 2.
Integrating equation (S1.1),

pODgas In (1 - }’2)

]gas B RT (z,—24) 1-y

/ Cell 1\‘ Cell 2 ﬂ

Pai Pa2
Ca1 Cao
T T
\_ J (U )
Wyq

Figure S4-6 Model of acetone—iso-propanol thermocell which is used in the calculation of the concentration of
acetone in the solution (ca1, ca2), vapor pressure of acetone (pai, pa2), mass transfer rate of acetone vapor (was), and

that of aqueous acetone (Wagq).
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Figure S4-7 (a) Vapor pressures of acetone and iso-propanol calculated from Henry’s law. The concentration of
acetone and iso-propanol in aqueous phase is 1.36 and 1.32 mol L' (corresponding tol0 vol% in water),
respectively. (b) Vaporization rate of acetone as a function of the concentration of acetone in aqueous phase at
various temperatures (7). ipa = iso-propanol. 7> = 23 °C. (c) Concentration ratio, cai/caz, at the equilibrium

condition, Wyap = Wrelux. A concentration gradient of acetone between the hot and cold cells is produced above 60 °C.

Vapor pressure and mole fraction of acetone can be evaluated from Henry’s law constant of acetone dissolving into

aqueous phase.[266]
C
HP =2 (51.3)
Pa

ca is the concentration of the gas molecule in water phase, and pa is the vapor pressure.
HC changes with temperature in Arrhenius form:

H(TY® = HEP exp (dlnHCp <1 ! )) (S1.4)

dT-* \T T,
Ho® is the Henry’s law constant at the standard temperature To = 298 K. The differential form in the

exponential is derived from Van’t Hoff equation
dinH®? AH

dar' R

AH is a solvation enthalpy of the gas molecule dissolving into aqueous phase.

Mole fraction of acetone vapor is derived from equation (S1.3).

—_ Car S1.5
7  poH (TP (515)

_ Ca2
ety
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Assume all acetone gas vaporizing from the hot side condenses at the cold side, mass balance of acetone is
CAl + CAZ = ZCO (817)

Co is the initial concentration of acetone.
Vaporization rate of acetone (mass transfer rate from hot side to cold side) is

Wyap = ]gasA (51.8)

A is the interface area between gas and aqueous phase in the cell.
Ideally, the concentration of acetone in the hot side (c1) decreases to a value where the vaporization rate reaches to
zero (mass transfer through liquid bridge is negligibly small compared to that of gas; wiiq = 10~ wgas, See below).
However, in reality, certain amount of acetone gas refluxes back to the hot side, especially when the temperature and
the vaporization rate is low. Here we introduce a reflux rate of acetone (Wreriux) as an empirical parameter to fit the
result.

Wreflux Must be proportional to cai, because as ca1 — 0, Wreriux — 0. As a result of fitting, Wiefiux iS evaluated

Wreflux = 3 X 107 %¢c,,V (S1.9)

V is the volume of the aqueous phase (V = 0.01 dm®). Wreriux is shown as a dashed line in the Figure S4-5.
Vaporization rate (wWvap) starts to exceed the reflux rate at 60 °C, and acetone is transported from the hot side to the
cold side, causing the concentration gradient. The equilibrium condition where the net transport of acetone gas
becomes zero is

Wy = W (S1.10)

vap reflux
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Calculation F: Calculation of diffusion rate through liquid bridge

Flux of acetone through liquid bridge is caused by molecular diffusion and Soret diffusion, which is due to

thermal gradient[270]

=— DMd—x+DT 1-— ar S2.1
]aq p dz xo( xO)dZ ( )

p is density of aqueous phase,[271] DM is molecular diffusion constant of acetone in aqueous phase,[272] DT is

thermal diffusion constant,[273] x is mole fraction of acetone in aqueous phase, X is the initial mole fraction.

Integration of equation (S2.1) gives

xz - X1 T2 - Tl
= — DMi DT 1-—
]aq p( Z, — 7y + xo( xO) Z, — 74

) (S2.2)

Diffusion rate of acetone in aqueous phase is
Waq = ]anliq (582.3)
Alig is a cross-sectional area of liquid bridge.
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Figure S4-8 Diffusion rate of acetone through liquid bridge at different mole fraction of acetone. Hot-side

temperature (71) is indicated in the graph. Cold-side temperature, 7> = 23 °C. xp = 0.0265 (corresponding to 10 vol%

in aqueous solution). At x = xo, Waq 18 positive (diffusion toward cold side) due to Soret diffusion. As mole fraction of

acetone (x1) decreases, the concentration gradient increases, and molecular diffusion becomes dominant (wyq < 0,

diffusion towards hot side).
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Figure S4-9 (a) Hot-side temperature and open-circuit voltage of acetone—iso-propanol thermocell in acidic solution
(acetone = 30vol%; iso-propanol = 30 vol%; sulfuric acid = 2 M). PtSn catalyst is electrodeposited on glassy carbon
electrodes. No voltage is generated in pure sulfuric acid solution (black triangle), which proves the Seebeck
coefficient is caused by redox reaction between acetone and iso-propanol. (b) Photograph of the thermocell in 2 M
sulfuric acid after two days of heating (ca. 64 °C). The solution in the hot cell turned brown due to self-condensation

reaction of acetone.
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Calculation G: Calculation of thermal efficiency of the thermocell

In this section, we calculate the thermal efficiency of the thermocell discharged at 70 °C vs. 23 °C.
The thermal efficiency of thermocell is expressed as

_ Wout
Qaitr

Wout is the output power of thermocell, Quifr is heat transfer due to thermal diffusion.

(S3.1)

Quifr is calculated from Fourie’s law,
AT
Qaifr = KA (83.2)

x is thermal conductivity of an aqueous solution of 10 vol% acetone and 10 vol% iso-propanol (x=5.0 x 10 2
W cm? K1) reported by Wang et al.,[274] A is a cross-sectional area of the liquid bridge, and 4x is a length of the
liquid bridge.

Output voltage is chosen as a half of the open-circuit voltage (Vou = 1/2Vqc), Where Wot is maximum. Vo = 3.4
mV K1x 37 K+ 9.9 mV K1x 10 K = 225 mV.

2 2
Wour = VT = % (53.3)
o is the ionic conductivity of the electrolyte and ¢ = 4.0 x 10 2 S cm* at the average temperature, T = 47 °C
(Figure S4-7).
Therefore,
ol 40x1072Sem™! x (0.225 V)?
4kAT 4 x50x103Wem 1K-1x47K
Note that Ax and A cancels out in the calculation above, and the efficiency is solely evaluated from Vo, AT, ionic

=215x1073

n

and thermal conductivity of the solution.
Meanwhile, Carnot efficiency is

296 K
Ncarnot = 1 — m =0.137

Thus, the relative efficiency is

X 100 = 1.57%

Carnot
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Figure S4-10 Arrhenius plot of the ionic conductivity of the aqueous electrolyte (acetone 10vol%; iso-propanol
10vol%; Li,SO4 1 M). Oakton PC 700 conductivity meter was used.
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