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Abstract 

Lithium metal anode based rechargeable batteries (LMB) are regarded as the most viable 

alternative to replace state-of-the-art lithium ion batteries (LIB) as they can provide higher-energy-

density energy storage. With this year’s Nobel Prize in Chemistry being awarded to Akira Yoshino, 

M. Stanley Whittingham, and John B. Goodenough for their contribution in developing LIBs, even 

more attention is now drawn to the development of LMBs. Due to the highly reactive nature of 

metallic lithium and the change with regard to cathode, electrolyte and anode design, the industrial 

success of LMB has yet to be achieved. Traditionally, in an LMB the role of polymeric components 

is mostly limited to the role of separators and cathode binders. However, with the continued 

development of polymer chemistry and its growing number of applications in materials science, it 

is now recognized that designing and applying functional polymers can greatly improve the 

practical performance of an LMB. 

This thesis describes how various polymer materials could be synthesized and tailored for 

improving the cycling stability of LMBs. Chapter 1 will systematically discuss the state-of-the-art 

of various macromolecular approaches to improve each major component of an LMB, namely the 

electrolyte/separators, anode-electrolyte interface, anode, cathode-electrolyte interface and high-

energy-density cathode materials including layered metal oxides and sulfur. Chapter 2 describes 

the development of two polymer electrolytes with high lithium transference number prepared by 

atom transfer radical polymerization (ATRP) and anionic ring opening polymerization (ROP). 

Chapter 3 describes the development of two polymer based artificial solid electrolyte interface 

(SEI) that can stabilize the lithium deposition on the anode surface during lithium plating. One of 

the examples uses an organic/inorganic hybrid material prepared by covalently grafting polymers 

from a solid metal oxide by surface-initiated ATRP. Another one uses a single-ion polymer 
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discussed in Chapter 2. Chapter 4 discusses the development of a composite lithium metal anode 

that exhibits flowable properties and is compatible with ceramic solid electrolytes. Chapter 5 

discusses how polymeric materials could be used as reactive surfactants to tailor the morphology 

of lithium metal from plain foils to microparticles and nanoflakes. Finally, a summary with outlook 

on future directions is provided. 
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 Functional Polymers for Lithium Metal Batteries 

Introduction 

With the rapid development of world economics, the over-exploitation of fossil fuels has 

evidently caused negative impact on the global eco-system. An inevitable consequence is we have 

to optimize the structure of global energy supply and storage.1-3 Thus, it has been a worldwide 

effort to develop renewable/clean energies, such as wind power, hydropower, solar energy, 

bioenergy, etc.4-6 Electrochemistry can efficiently convert and store energy without causing serious 

environmental damage and has the potential to make a major contribution to the implementation 

of renewable energies. Common electrochemical energy conversion and storage systems include 

primary batteries, rechargeable batteries, flow batteries, fuel cells, supercapacitors, etc.7-10 

Rechargeable batteries are energy devices that can reversibly convert chemical energy stored in 

active materials directly into electricity. Due to the extremely high energy efficiency (typically > 

90%) compared to a conventional combustion engine (~40%), rechargeable batteries continued to 

gain attention.11   

The history of commercial rechargeable batteries dates back to the early 1900’s when 

battery chemistries such as Lead-Acid battery, Ni-Cd battery and Ni-MH battery were 

commercialized for mobile and stationary applications.12 Since first commercialized in 1991 by 

Sony, lithium ion batteries (LIB) continued to gain market success due to several advantages, such 

as higher energy density,  higher discharge voltage, longer cycle life, and a wide working 

temperature compared to other commonly used battery chemistries.13 However, the development 

of lithium ion batteries has hit a bottleneck in recent years. A lithium ion battery with graphite 

anode and lithiated metal oxide cathode can typically deliver a pack-level energy density less than 

300 Wh/Kg, which can barely satisfy the increasing energy requirements of an explosive 
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technology expansion.13 Taking electric vehicles (EV) as an example, in order to manufacture an 

EV to run over 500 miles between charges, a battery pack that can deliver > 500 Wh/Kg is 

required.14-16 Compared to the graphite anode used in typical LIBs that only has a theoretical 

capacity of 375 mAh/g, directly using metallic lithium anode can dramatically improve the cell 

energy density. This is because lithium metal has the lowest redox potential (-3.04 V vs SHE), 

high theoretical capacity (3860 mAh/g) and inexpensive market price.17 Moreover, adopting 

lithium metal anode allows for the use of a non-lithiated high-energy-density cathode, such as 

sulfur and oxygen.18 In pursuit of reliable rechargeable lithium metal batteries (LMB), many 

governments across the world started their own programs to accelerate research in LMB. For 

example, the United States established the Battery500 consortium in 2016, Japan started the 

Research and Development Initiative for Scientific Innovation of New Generation Battery (RISING) 

project in 2009, China launched the Made in China 2025 project in 2015, all aiming at pairing a 

lithium metal anode with high capacity cathode materials for high-energy-density rechargeable 

LMB.19 

The success of rechargeable LMB hinges on the functioning of both metallic lithium anode 

and high-energy cathode materials. Thus, problems associated with both sides of the cell need to 

be addressed. A typical LMB uses a thin layer of lithium foil anode and aprotic organic liquids as 

electrolytes. However the surface roughness of lithium metal and its high reactivity towards an 

organic electrolyte leads to unstable lithium deposition which leads to dendrite formations that can 

short the battery and cause thermal runaways.20 When pairing a lithium metal anode with high 

voltage cathode materials, such as the famous LiCoO2 (LCO) or nickel-doped LiNiCoMnO2 

(NMC), the decomposition of the electrolyte in a highly oxidative environment and the structural 

instability at delithiated stage can quickly lead to capacity loss.21, 22 A sulfur cathode has high 
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specific capacity of 1670 mAh/g. However, the implementation of a sulfur cathode suffers from 

the low active materials loading and the “shuttle effect” which refers to the dissolution of 

intermediate active materials in electrolytes.23 Lithium-air (O2) batteries have an ultra-high 

theoretical energy density of 3500 Wh/Kg. However, the incompatibility of the lithium electrolytes 

with oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) has to be solved in 

order to revive this technique.18  

Conventionally, in a LIB the use of polymeric materials was mostly limited to the area of 

inactive binding materials in the cathode, where polymer binders, most commonly polyvinylidene 

fluoride (PVDF), serve to affix active materials and conductive fillers to aluminum current 

collectors during charge/discharge.24 In the last several decades, the development of new 

polymerization techniques, such as atom transfer radical polymerization (ATRP), reversible 

addition−fragmentation chain-transfer polymerization (RAFT), nitroxide mediated polymerization 

(NMP), etc,  and modification chemistries has opened up new avenues for creating polymeric 

materials with controlled molecular weight & dispersity, chain morphology, chemical and physical 

properties.25-30 As these two fields - polymer science and battery science - intersect, inspirations 

and new opportunities arise.31-35  

Five aspects of battery development need to be considered when building a reliable high-

energy-density LMB cell; they are anode, separator/electrolytes, cathode, anode-electrolyte 

interface (SEI) and cathode-electrolyte interface (CEI) (Figure 1). With the advances of polymer 

chemistry, roles of polymer materials have expanded to be applicable in all of these aspects. In 

this Chapter, I will discuss recent advances of applying functional polymers in each of these 

aspects of an LMB: 1) polymer electrolytes, 2) polymer-based artificial SEI, 3) polymer/Lithium 

composite anode  and 4) application of polymers as functional binders or cathode-electrolyte 
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interface for high energy cathode materials including nickel-rich layered metal oxides 

(LiNixCoyMnzO2 (x+y+z=1), (NMC) and sulfur cathode. The Li-air battery has been thoroughly 

reviewed and will not be discussed in this thesis.36, 37  

 

Figure 1. Illustration of five components in a multi-interface lithium metal battery: anode, 

separator/electrolytes, cathode, anode-electrolyte interface (SEI) and cathode-electrolyte interface 

(CEI). 

Polymer Electrolytes  

Liquid electrolytes show high ionic conductivity σ (1-10 mS/cm) and high wettability with 

electrodes. However, when used with highly reactive lithium metal, a non-uniform and fragile 

anode/electrolyte interface, or more often referred to as solid electrolyte interface (SEI), forms on 

the anode surface, that favors dendrite proliferation and electrolyte depletion. Also liquid 

electrolytes have minimal mechanical integrity to physically block the dendrite extension and low 

transference number (t+), which can also cause formation of concentration gradients that lead to 

polarization and increased internal resistance, and even salt depletion/precipitation when the cell 

is cycled at high current densities.38, 39 The need for enhanced battery safety and higher energy 

density devices encouraged researchers to focus on solid-state alternatives to conventional liquid 

electrolytes. Ceramic lithium ion conductors have been widely reported as one of alternatives. For 

example, garnet type electrolytes Li7La3Zr2O12 (LLZO) or NASICON type electrolytes, such as 
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Li1.5All0.5Ge1.5(PO4)3 (LAGP), Li10GeP2S12 (LAPS), etc., have high ionic conductivity (σ) that is 

comparable or even higher than the liquid electrolytes.40 However, most of these electrolytes are 

not electrochemically stable against metallic lithium. Also the surface roughness and the 

lithiophobic interface caused a high interfacial resistance that limits the application of this type of 

electrolytes.41 In comparison, solid polymer electrolytes (SPEs) provide better interface contact 

than ceramic electrolytes due to their adaptable/soft nature, although normally with much lower 

ionic conductivity (σ) and low transference number (t+). The creation of an SPE with higher σ (>1 

× 10-1 S/cm at room temperature) and t+ (>0.8) could potentially provide the most efficient 

electrolyte system for LMB.  

In the late 70s, alkali metal salts dispersed in poly(ethylene oxide) (PEO) were first used 

as SPEs and their conductivity was correlated to the amorphous phase of PEO.42 Since then, PEO 

is the most adopted component of SPEs, mainly because of its relatively low glass transition 

temperature (Tg ~ -60°C) and the good complexation of Li+ by ethylene oxide (EO) units.43 

However, PEO has some drawbacks, such as high degree of crystallinity at r.t. (i.e. low 

conductivity, 10-8-10-7 S/cm at r.t.), low mechanical strength, low t+ (0.1-0.2), poor oxidative 

stability and vulnerability to hydrogen abstraction.33, 44 Beyond PEO, other types of polymers were 

also reported that improved σ and electrochemical stability, such as polyacrylonitrile (PAN),45 

polysulfone,46 poly(N-methyl-malonic amide) (PMA),47  poly(ethylene oxide carbonates) (PEOX-

PC),48 polytetrahydrofuran (PTHF),49 etc. 

It follows that an SPE should: i) chelate Li+ enough to promote salt dissolution but at the 

same time allowing Li+ hopping from coordinating sites; ii) have a high dielectric constant to favor 

charge separation in the salt; iii) have a low Tg, corresponding to high backbone flexibility and 

facile segmental motion, resulting in high conductivity; iv) possess good mechanical stability, 
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which can be achieved by phase separation or crosslinked system, to prevent shortages due to 

dendrite penetration.38, 39 Major approaches to improve the properties of SPE include: i) varying 

polymer architecture, or ii) by introducing inorganic fillers to form composite polymer electrolytes 

(CPE).43, 50  

Adjustment of polymer architecture often implies the use of living polymerizations or 

reversible-deactivation radical polymerization (RDRPs) to precisely control the polymer 

morphology.51 In polymer electrolytes based on different architectures, PEO is typically replaced 

with oligo/poly(ethylene glycol) (meth)acrylate (PEG(M)A) to improve the ionic conductivity, 

since Li+ coordinating units are moved to the side chains, which are more flexible than the 

backbone.52, 53 Non-linear structure can reduce the crystallinity of the polymer by increasing the 

free-volume for segmental motions. Non-linear structures such as hyperbranched structures or 

bottle-brush like structures have been prepared by atom transfer radical polymerization (ATRP) 54 

and ring opening metathesis polymerization (ROMP)53 respectively, that showed improved ionic 

conductivity, up to three order of magnitude, compared to linear PEO.55  

Composite polymer electrolytes are SPEs with the addition of inorganic fillers. The 

presence of fillers typically enhance the ionic conductivity of SPEs.38, 56 This was explained by 

considering that the fillers act as crosslinking centers that disrupt the polymer crystallinity, thereby 

increasing the segmental motion. Meanwhile, the addition of inorganic particles can improve the 

modulus of the composite materials. Moreover, the inorganic fillers can be ceramic lithium ion 

conductors, which can introduce a second lithium ion conducting phase. A series of inorganic 

fillers have been applied, such as Al2O3, ZnO, TiO2, ZrO2, and other Lewis-acid type metal oxides. 

For example, Lewis acid-base interactions between Li+, anions and positively charged oxygen 

vacancies on yttria stabilized zirconia (YSZ), can favor the salt dissociation and offer new Li+ 
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conduction paths on the fillers’ surface, increasing the ionic conductivity by two order of 

magnitude.57 Besides, the morphology and orientation of the nanosized fillers can also affect the 

enhancement of ionic conductivity. It was found 1D nanowires can provide a channeled Li+ 

transport pathway along the surface of 2D nanowires compared to 3D nanoparticles. Cui et al. 

showed that PAN-based electrolyte with well-aligned ionically conductive LLTO nanowires 

prepared by electrospinning exhibited one order of magnitude higher room-temperature 

conductivity than when disordered nanowire or nanoparticles were introduced to the PAN matrix.58 

Polymer chains can also be covalently attached to inorganic fillers. Archer et al. synthesized cross-

linked hairy nanoparticles-based electrolytes by first grafting an alkoxy silane terminated 

oligomeric PEO-OH onto SiO2 nanoparticles in water. The resulting densely grafted SiO2-PEO-

OH hybrid particles that were used as crosslinker for poly(p-phenylene oxide) (PPO) chains 

functionalized with isocyanate end groups, achieved a high degree of crosslinking.59 The pore size 

could be tuned by changing the volume fraction of nanoparticles. Composite electrolytes obtained 

by soaking with a liquid electrolyte with membrane pore size <500 nm allowed for smooth Li 

electrodeposition on Li metal anodes at high current density.  

One of the most recent examples of a crossover between polymer science and battery 

technology is the development of single-ion polymer electrolytes (SIPEs). Conventional SPEs 

generally have t+ lower than 0.5 because of their dual-ion conducting character: the motion of Li+ 

is coupled to the segmental motion of polymers, and therefore Li+ ions are less mobile than their 

anionic counterparts.60 In contrast, SIPEs have the anions immobilized by the polymer 

backbone/network so that only lithium ions are freely moving.61 As a result, SIPE tend to have 

much higher t+, typically >0.8. Two questions need to be answered in order to have viable SIPE 

materials: i) procedures of immobilizing the anions and ii) ways to combat the loss of ionic 



 8 

conductivity due to strong ionic association. Previously, three types of single-ion polymer 

electrolytes have been reported: sulfonate-based,62 acrylate-based,63 borate-based.64 These types 

of SIPEs have low ionic conductivity due to the insufficient ionic dissociation between the lithium 

ions and electron rich counter ions. Armand et al. recently reported a polystyrene-based SIPE 

formed by attaching lithium bis(trifluoromethane)sulfonimide (TFSI-Li+)-like ion pairs onto the p-

position of a phenyl group (STFSILi).65, 66 Due to the bulky structure and dispersed electron density, 

such lithium ion pairs possess much higher ionic conductivity. An ABA triblock copolymer 

(polySTFSILi-PEO-polySTFSILi) was prepared with the middle block as PEO block by nitroxide-

mediated polymerization (NMP). The TFSI-like bulky anions provided 10 times more improved 

ionic conductivity (4×10-5 S/cm at 90 oC and t+ of >0.85) while the phase separation due to the 

immiscibility of the two blocks induced sufficient mechanical strength.67 The versatile azido-TFSI-

Li+ ion pair was also reported to be clicked onto other backbones as a facile SIPE building block.68 

A SPE can also be designed to possess advanced mechanical properties. Bao et al. 

introduced a highly resilient electrolyte composed of a poly(propylene oxide) elastomer (ePPO) 

obtained from crosslinked Jeffamine precursors and linear diamines to increase the MW between 

crosslinks, decreasing the modulus while increasing the strain capability of the polymer.69 (Figure 

2a) The ePPO elastomer was mixed with SiO2 nanoparticles, propylene carbonate plasticizer and 

LiTFSI to form a highly conductive (σ = 2.5 x 10-4 S/cm at r.t.) and resilient (modulus of resilience 

= 0.32 MJ/m3). The electrolyte enabled observation of 95% capacity retention after 300 cycles at 

C/5 and r.t. in Li metal battery with LiFePO4 (LFP) cathode. Another strategy to prepare SPEs 

with exceptional mechanical properties used the polymerization-induced phase separation (PIPS) 

approach to polymerize a styrene/divinylbenzene mixture from a PEO macro-RAFT agent in the 

presence of an ionic liquid that is immiscible with PS and therefore enters the PEO domains.70 
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(Figure 2b) Due to the controlled RAFT polymerization and the cross-linking by divinylbenzene 

(DVB), a bicontinuous nanostructured membrane was obtained consisting of a mechanically 

robust crosslinked-PS and a conductive PEO phase. The resulting electrolyte membrane exhibited 

elasticity modulus approaching 1 GPa and σ > 1 mS/cm at room temperature. Cui et al. adopted a 

template approach by infusing conductive PEO/LiTFSI phase into a mechanically strong 

polyimide (PI) film with highly aligned through-film vertical nanochannels. The templated 

electrolyte is ultrathin (8.6 μm), lightweight, highly flexible and highly conductive (2.3 × 10-4 

S/cm at 30 °C). (Figure 2c) All-solid-state lithium-ion batteries fabricated with PI/PEO/LiTFSI 

solid electrolyte show good cycling performance (200 cycles at C/2 rate) at 60 °C and can 

withstand abuse tests such as bending, cutting and nail penetration.71  

 

Figure 2. Strategies to prepare SPEs with exceptional mechanical properties: (a) synthesis of a 

highly resilient polypropylene elastomer.69 (b) SPE membrane through polymerization-induced 

phase separation. Inset: TEM image of the bicontinuous membrane, scale bar 100nm.70 (c) 

Illustration and SEM images of the ultrathin, flexible SPE with aligned conductive channels.71  

(a) (b)

(c)
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Polymers can simultaneously act as electrolytes and separators. Due to various challenges 

in the synthesis of highly conductive and stable SPEs, a great deal of research focuses on 

engineering the separator membranes to enable stable cycling of LMBs with conventional liquid 

electrolytes. In this context, Wu et al. substantially improved the properties of conventional 

polypropylene separators (Celgard) by surface-modifying the membranes with polyacrylamide-

grafted graphene oxide (PAM-g-GO) 2D molecular brushes, prepared by surface-initiated ATRP 

(SI-ATRP).35 (Figure 3a)  The GO backbones improved the mechanical strength, while the hairy 

PAM chains provided a high concentration of functional sites for efficient adhesion and 

homogeneous distribution of Li+, resulting in homogeneous and fast Li+ flux, thanks to the 

interspaces between the stacked molecular brushes. Li|Li symmetric cells with an ether-based 

liquid electrolyte and the modified separator showed stable cycling for >2000 cycles at room 

temperature, even for current density as high as 20 mA/cm2. Archer et al. reported an in situ formed 

polymer membrane by using liquid electrolyte precursors 1,3-dioxolane (DOL) that is 

spontaneously polymerized by cationic ring opening polymerization in the presence of Al(OTF)3. 

(Figure 3b) The as-formed pseudo-solid interlayer contains polyDOL and unpolymerized free 

DOL and can retain conformal interfacial contact with all cell components while possessing an 

ionic conductivity of >1 mS/cm at r.t.. A cell made of lithium foil, polyDOL/DOL electrolyte and 

high capacity cathode such as sulfur and LiNi0.6Mn0.2Co0.2O2 (NCM622) demonstrated high 

coulombic efficiency (>99%) and long cycling life (>700 cycles).72  
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Figure 3. Macromolecular strategies to prepare effective separator layer: (a) Synthesis route to 

covalently graft hairy PAM from GO by SI-ATRP.35 (b) mechanism and illustration of in situ 

formed separator layer by spontaneous cationic ring opening polymerization.72  

Artificial Anode/Electrolyte Interface 

Due to its high reactivity, lithium metal reacts with most organic electrolytes and forms a 

passivation layer on the lithium surface to prevent further reactions between lithium and 

electrolytes. However, this passivation layer is not stable, it is brittle and easy to crack, which can 

repeat and cause more fresh lithium to be exposed to the electrolyte again as the cycling continues, 

leading to depletion of both lithium metal and electrolyte, eventually resulting in low coulombic 

efficiency.73 This passivation layer, which is electronically insulating and ionically conducting, 

was named a solid electrolyte interface (SEI) and first introduced by Peled in 1979.74 The study of 

SEI was further developed by Peled et al. in 1997 and Aurbach et al. in 1999.75, 76 Similar to the 

case of lithium ion batteries with a graphite anode, a dense and intact SEI is necessary to restrict 

(a)

(a)
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the electron tunneling and protect additional lithium metal from reacting with the electrolyte. 

Unfortunately, the exact composition and mechanism of SEI in both LIB and LMB are not clear. 

Therefore, the SEI is regarded as the most important but least understood component in a 

rechargeable lithium-based battery. Great efforts have been put into this area to measure and 

optimize the properties of SEI.77-78 Since the in situ formed SEI in the presence of a conventional 

liquid electrolyte is not able to suppress formation of lithium dendrites, chemical pretreatment of 

the lithium metal surface with ex situ coating (an artificial SEI) before electrochemical reactions 

can be an effective strategy to stabilize the interface. Polymers are among one of the most 

promising choices for preparation of an artificial SEI as it should be flexible, easy to process, 

ionically conductive and have a low interfacial resistance. The criteria for designing viable 

artificial SEI include: a) excellent mechanical stability and flexibility, b) good adhesion to the 

anode and also electrolyte in the case of solid electrolyte, c) high electrical resistance and high 

cation (of the proper anode) selectivity and permeability, d) high strength, tolerance to expansion 

and contraction stresses, e) insolubility in the electrolyte and stability over a wide range of 

operating temperatures and potentials.40, 79  

In this section, the application of polymer materials and polymer/inorganic composite 

materials designed as an artificial SEI will be discussed. In order to achieve mechanical stability 

and flexibility, Guo et al. proposed using a lithiated polyacrylic acid (LiPAA) polymer as a smart 

SEI layer with high elasticity (Figure 4).56 LiPAA exhibits high stretchability and can tolerate a 

strain as high as 582% compared to the initial length. Such high stretchability helped withstand 

the stress change during lithium plating/stripping. The compact and uniform structure prevented 

the exposure of lithium metal to the electrolyte. LiPAA polymer also has superior binding abilities 

due to the high lithiophilicity. Such a design effectively improves the cycle life of a symmetrical 
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cell up to 700 h under 0.5 mA/cm2 current density. A smart artificial SEI with self-healing 

properties could further prevent the structural failure and better compensate for the volume change 

during lithium plating/stripping. Cui et al. developed polyamides as a self-healing material that is 

prepared by a condensation reaction between branched oleic acid and diethylene triamine, 

followed by treating with urea to obtain the final product. Such a method allows for facile tuning 

of viscoelasticity, healing speed and mechanical strength so that best self-healing properties can 

be achieved.80 With the protection of such a self-healing coating, uniform Li deposition was 

obtained at current density as high as 5 mA/cm2 and coulombic efficiency as high as 97%.56  

 

Figure 4. (a) The design of the flexible SEI. (b) Chemical structure of LiPAA SEI. (c) The stress–

strain curve of LiPAA gel polymer. (d) The Li dendrites growth process of pristine Li. (e) The 

flexible SEI decreases the Li dendrite growth through self-adapting interface regulation.56  

Polydimethylsiloxane (PDMS) based materials exhibit intriguing properties because of its 

chemical inertness and mechanical flexibility and therefore can be a great building block for 

artificial SEI. Silly putty, a popular kids’ toy, is made of PDMS cross-linked by transient boron-

mediated bonds. It can act as an elastic solid when fast deformation happens but also has flowable 

property when touched gently. The dynamic bond breakage and reformation between polymer 

chains makes it a smart material, which shows “solid-liquid”-like properties. When this silly putty 

film is coated on a lithium anode, it improves lithium morphology and cycling ability as a 

(a) (b) (c)

(d)
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conformal interface and also inhibits non-uniform Li deposition and dendrite growth.81 However, 

PDMS itself is not ionically conductive. Zhu et al. proposed a method to create Li-ion transport 

pathways on PDMS. Hydrofluoric acid (HF) is employed to create a nanoporous PDMS suitable 

for Li+ transport. After HF etching, they obtained nanopores with the size of 40-100 nm. The 

etching time should be controlled to obtain adequate pore size. Larger pores would result in the 

direct contact of lithium metal and electrolyte, losing the protection. With this PDMS-modified 

porous artificial SEI, a cycling coulombic efficiency of 95% was obtained over 200 cycles under 

0.5 mA/cm2. The modified Cu foil with PDMS reaches an average coulombic efficiency 98.2% in 

100 cycles at 0.5 mA/cm2.82 Helms et al. further examined the influence of SEI porosity on the 

regulation of Li+ flux at the anode surface during electrodeposition. It was proven that liquid 

electrolytes increase their transference number from 0.2 to >0.7 when confined to a porous surface 

coating with porosity of 0.5-2 nm and can therefore stabilize the electrodeposition of lithium at 

high capacity.83 PDMS is also used as a host substrate to create polymer/inorganic hybrid SEIs. 

Nazar et al. created a PDMS/Li3PS4 hybrid membrane that combines the advantage of both PDMS 

and an otherwise electrochemically unstable ceramic electrolytes Li3PS4: i) the compact packing 

of a Li+ solid electrolyte phase offers percolated Li+-conducting channels, ii) PDMS phase 

provides sufficient elasticity to accommodate the surface roughness/volume change during lithium 

plating/stripping while preventing direct contact between lithium metal and unstable Li3PS4 

components, iii) the dense packing also prevents reduction of liquid electrolytes by electrons. Such 

hybrids SEI resulted in Li plating with 95.8% efficiency for 200 cycles and stable operation in a 

LTO|Li cell for 2,000 cycles.84 

The concept of artificial polymer/inorganic hybrids SEI approach has become a trending 

approach for stabilizing lithium metal. Wang et al. demonstrated an organic/inorganic hybrid SEI 
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layer which contains Li polysulfidophosphate (LiPSP), poly (2-chloroethyl acrylate) (PCEA), Li 

sulfides and Li salts. The chlorine-rich polymer poly(2-chloroethyl acrylate) (PCEA) was prepared 

by free radical polymerization. The LiPSP and PCEA solution were mixed and cross-linked at 

room temperature under vacuum to form the multifunctional sulfur-containing polymer (MSCP) 

protective layer. The sulfur-containing polymer can contribute to the formation of organo-

(poly)sulfide and inorganic sulfides (e.g., Li2S/Li2S2), which further increases the flexibility of the 

protective layer to accommodate the volume expansion of lithium metal anodes during the 

plating/stripping process.85 Cui et al. prepared an electrochemically stable polymer/nanoparticle 

hybrid core-shell structure coating by grafting poly(methyl methacrylate) (PMMA) from the 

surface of silica nanoparticles. The high modulus of 68 GPa of the SiO2 core is mechanically strong 

enough to suppress lithium dendrites growth and the PMMA shell helps efficient distribution of 

the silica nanoparticles and increases the flexibility of the membrane. The synthesis of 

SiO2@PMMA core–shell nanocomposites was conducted by emulsion polymerization.86 They 

also designed an artificial SEI layer containing Cu3N nanoparticles (sub-100 nm) in a styrene 

butadiene rubber (SBR), which has high Li-ion conductivity, high mechanical strength and good 

flexibility. The Cu3N nanoparticles can spontaneously react with lithium metal to form Li3N, one 

of the fastest Li-ion conductors with ionic conductivity on the order of 10-3-10-4 S/cm at room 

temperature. With the protection of such an artificial SEI, the lithium anode achieved a Coulombic 

efficiency of 97.4% at 1 mAh/cm2 over 100 cycles in a Li|Cu half cell.87 LiF is regarded as one of 

the key components in a spontaneously formed SEI in a typical lithium ion battery with a graphite 

anode. It is calculated that the addition of LiF can reduce the activation energy of lithium dendrite 

growth and therefore lithium deposition tends to form 2D planer structures instead of 3D 

dendrites.88, 89  On the other hand, reduced graphene oxide (rGO) has recently been identified as 
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an effective building block for artificial SEI due to several advantages: i) the organic functional 

groups on rGO increase the hydrophilicity, ii) excellent mechanical strength prevents dendrite 

growth, iii) dense packing prevents side reaction between electrons and electrolytes. 35, 90-93 Wang 

et al. recently demonstrated a molecular-level artificial SEI design using a reactive polymer 

composite (RPC), which effectively suppresses electrolyte consumption in the formation and 

maintenance of the SEI. The RPC consists of reactive poly(vinylsulfonyl fluoride-ran-2-vinyl-1,3-

dioxolane) (P(SF-DOL)) and rGO nanosheets (Figure 5). The PRC derived SEI was formed in a 

two-step process. First the RPC layer was attached to the lithium surface by reaction between 

lithium, sulfonyl fluoride groups and carboxylic acid group from GO nanosheet to form LiF, –

SO2–Li salts and –CO2–Li salts. Upon cycling, the DOL groups were further reduced to form -O-

Li salts. Such a PRC-derived lamellar SEI contains polymeric Li salts embedded with LiF 

nanoparticles and GO nanosheets and is sufficiently dense to block electrolyte access to the lithium 

surface. The use of the polymer– inorganic SEI enabled high-efficiency Li deposition and stable 

cycling of 4 V Li|LiNi0.5Co0.2Mn0.3O2 cells under lean electrolyte (7 μLmA/h), limited Li excess 

(1.9-fold excess of Li) and high areal capacity loading (3.4 mAh/cm2).94  

 

Figure 5. Strategies to construct molecular-level artificial SEI using a reactive polymer composite 

(RPC).94  
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Polymer/Lithium Composite Anode 

Conventional LMBs use planar lithium foil as the anode. The planar form leaves rather 

limited space for improving the performance of lithium metal with the exception of the 

aforementioned SEI approach. Transforming the planar 2D lithium foil to a 3D composite lithium 

anode has several advantages: i) decreasing the high extent of volume change that otherwise would 

happen in a “hostless” lithium foil anode; ii) shifting the location of the charge separation process 

from the anode surface to the entire structure thereby decreasing local current density; iii) lowering 

the overpotential that would cause extra resistance and voltage loss; iv) allowing functionalities to 

be added to the 3D scaffold to guide non-dendritic electrodeposition of lithium during charge.95, 96 

Wang et al. developed a 3D crosslinked polyethylenimine (PEI) Li+-affinity sponge as a lithium 

metal host by a combination of the self-concentrating and Li+ pumping features. The strong affinity 

of Li ions from the 3D PEI sponge can spontaneously concentrate Li+ in the internal structure 

rather than in the bulk solution. Meanwhile, interfacial electric double layer (EDL) due to the 

strong Li+ affinity promotes the electro-osmosis during Li plating/stripping and therefore 

overcomes the diffusion-limited current. Such design reduces the concentration polarization, 

enabling uniform Li+ distribution and dendrite-free lithium plating/stripping at high current and 

high deposition capacity (3.8 mAh/cm2) with 99.78% average Coulombic efficiency and practical 

N/P ratio of 2.97  

A polymer-based lithium composite anode can also be utilized with solid electrolytes. 

Solid-state electrolytes are more promising than organic liquid electrolytes in terms of excellent 

safety in developing lithium-metal anode as well as other high-capacity cathode chemistries, such 

as sulfur and oxygen.98 Unfortunately, the high surface roughness of both the anode and solid 

electrolytes often leads to high interfacial resistance, low areal capacity, and poor power output. 
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Although coating an inorganic layer, such as silicone, aluminum oxide, or zinc oxide on the surface 

of lithium can increase the lithiophilicity to certain extent, the repeated volume change will lead 

to mechanical failures due to rigidity. Consequently, improving the surface contact with wetting 

agents, such as polymer materials, become a more viable approach compatible with solid 

electrolytes. Cui et al. solved this problem by creating a tri-layer architecture that is composed of 

molten lithium metal, layered reduced graphene oxide (rGO) flakes and a flowable PEG interlayer 

(Figure 6).  When a densely packed GO film is put in contact with molten lithium, a “spark 

reaction” happens that stretches the gap between GO layers. Molten lithium can therefore be 

sucked into the interlayer via enhanced capillary forces. The remaining surface functionality of 

rGO transforms the surface of composite anode to become lithiophilic. A flowable PEG/LiTFSI 

liquid electrolyte is then thermally infused into the gap of the Li/rGO composite. With such tri-

layer anode, an all-solid-state lithium metal batteries is constructed with PEG/silica composite 

electrolyte and LFP as cathode with high–mass loading at 80°C, which exhibits a satisfactory 

specific capacity even at a rate of 5 C (110 mAh/g) and a capacity retention of 93.6% after 300 

cycles at a current density of 3 mA/cm2.99 

 

Figure 6. Schematics illustrating the fabrication process of the 3D Li anode with flowable interface 

for solid-state Li battery.99  
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Polymers for Preparation of a High Energy Metal Oxide Cathode 

Two general options are available as cathode materials when considering LMB at the cell-

level, – lithiated layered metal oxide that is also adopted for LIB or non-lithiated high-energy-

density cathode materials such as sulfur or oxygen. Adopting the layered metal oxides cathode 

also has the advantage that the original production infrastructure inherited from LIB industries 

does not have to change for LMB production. Meanwhile, even an LMB using similar electrolyte 

and cathode materials can already greatly increase the pack-level energy density as shown in 

Figure 7.100  These cathode materials include LiCoO2 (LCO), LiMn2O4 (LMO), LiFePO4 (LFP), 

LiNixCoyMnzO2 (x+y+z=1) (NCM), and LiNi0.8Co0.15Al0.05O2 (NCA). Although LCO was used in 

the first generation of LIB commercialized by SONY, LCO still holds an edge over other cathode 

materials in the fields that have a rigid requirement for the voltage platform. However, the high 

amount of cobalt being used in LCO has urged the industry to seek for a replacement that also has 

high voltage plateau but with lowered amount of cobalt, that is, a lower-cost nickel-rich cathode 

materials LiNixCoyMnzO2 (x+y+z=1) (NCM) or a lithium-rich cathode such as Li1.2Ni0.2Mn0.6O2 

(LNMO). There is a variation of NCM, including LiNi1/3Co1/3Mn1/3O2 (NCM 111), 

LiNi0.5Co0.2Mn0.3O2 (NCM 523), LiNi0.8Co0.1Mn0.1O2 (NCM811), etc. However, as the nickel 

contents increases, the structural stability decreases in the presence of organic solvent-based 

electrolytes, which can lead to fast capacity degradation of Li-ion batteries during cycling, 

especially at high cutoff voltages and/or high temperatures. On the other hand, Li-rich cathode 

materials still suffer from the challenges of oxygen (O) loss from the lattice during the first charge, 

side reactions with the electrolyte, and voltage decay during extended cycling.101 Modifying the 

surface of cathode electrodes by coating with a conductive polymer, such as polyacrylonitrile 

(PAN), polypyrrole (PPy), polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), etc, 
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has been demonstrated as an effective method to mitigate the side reactions and increase the 

performance of these cathode materials.102-111 These polymers have good electric conductivity so 

that when used for coating, they cannot only mitigate the side reaction, but also increase overall 

conductivity of the composite. More importantly, these polymers are all 

electrochemically/chemically stable towards oxidation at the cathode potential. 

 
Figure 7. A typical Li-ion cell (top) and one conception of a lithium metal cell (bottom), containing 

a solid separator, a dense layer of metallic lithium and the same layered metal oxide cathode. The 

lithium metal cell is in the charged state, with 20% excess lithium. Layer thicknesses are shown to 

scale. The reduction in volume and mass associated with replacing the graphite electrode with 

lithium metal is evident.100   

Wu et al. made the composites of lithium-rich Li1.2Ni0.2Mn0.6O2 and poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) via coprecipitation followed by a 

wet coating method. The thickness of the polymer coating is 5-20 nm. A composite with an optimal 
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3 wt % coating exhibits rate capability and cycling properties, with an excellent initial discharge 

capacity of 286.5 mAh/g at a current density of 0.1 C and a discharge capacity that remained at 

146.9 mAh/g at 1 C after 100 cycles.102 Liu et al. synthesized LiV3O8–polyaniline nanocomposites 

via chemical oxidative polymerization directed by the anionic surfactant sodium dodecyl benzene 

sulfate. The composite with 12 wt% polyaniline retains a discharge capacity of 204 mAh g−1 after 

100 cycles and had better rate capability (175 mAh/g at 2 C and 145 mAh/g at 4 C) than the bare 

LiV3O8 in the potential range of 1.5–4.0 V.103 

The problem with the polymer coating lies in the inhomogeneity of the coating thickness 

due to the poor control over synthesis conditions, which is addressed further by using better 

surfactants or advanced synthesis routines. Choi et al. made use of the hydrophobic features of 

cetyltrimethyl ammonium bromide (CTAB) surfactant and 3,4-ethylenedioxythiophene (PEDOT) 

monomer in aqueous solution to provide a reasonable driving force to guarantee a uniform coating 

layer during surface coating with a conductive polymer. 104 In another work by Lu et al, they 

achieved uniform coating of conducting PANI on the surface of NCM811 by pretreating NCM811 

particles with polyvinylpyrrolidone (PVP). Owing to the bonding effect between pyrrolidone rings 

of PVP and −NH− groups of PANI, the PANI layer could be uniformly anchored on the surface 

of NCM811, with thickness of 5-7 nm.105 In another approach developed by Chen et al, instead of 

using wet-chemistry process, they used a transformative approach using an oxidative chemical 

vapor deposition technique to build a protective conductive polymer PEDOT skin on layered oxide 

cathode material. In the solvent-free process, VOCl3 oxidant vapors and the 3,4-

ethylenedioxythiophene (EDOT) monomer were simultaneously introduced into a rotary reactor, 

and then adsorbed onto the NCM111 particle surface (Figure 8). Thereafter, the film polymerized 

spontaneously via oxidative step-growth polymerization. This novel method successfully builds 
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the PEDOT skin with uniform thickness on both secondary and primary particles of layered oxide 

cathode materials. At 0.1 rate, the capacity retention rate over 50 cycles was improved to 76.7%, 

85.2%, 96.6% and 95.8% from 67.6%, for bare NCM. At a higher rate 1C, a more remarkable 

cycling stability enhancement was observed, from 47.7% for bare NCM to 79.1, 83.0, 91.1 and 

89.5% after 200 cycles. It is especially noteworthy that the capacity retention rate of 91.1% over 

200 cycles at such a high cut-off voltage (4.6 V) and high rate (1 C) is an impressive improvement 

without using electrolyte additives such as lithium bis(oxalato)borate (LiBOB), lithium 

difluoro(oxalato)borate (LiODFB) or fluoroethylene carbonate (FEC). The stability results from 

three effects of the PEDOT skin: (1) suppressing the undesired layered to spinel/rock-salt phase 

transformation; (2) mitigating intergranular and intragranular mechanical cracking; (3) stabilizing 

the cathode–electrolyte interface.106 Such coating techniques can be applied to cathodes with 

higher energy density, such as layered Ni-rich LiNi0.85Mn0.05Co0.1O2 cathode and Li-rich 

Li1.2Mn0.54Ni0.13Co0.13O2 cathode.106  

 

Figure 8. A schematic diagram of the experimental oCVD setup. The oCVD process relies on 

uniform vapor (oxidant and monomer) adsorption and subsequent in situ polymerization on the 

NCM particle (secondary/primary) surface.106   



 23 

Polymers for Next-Generation Sulfur Cathodes 

Commercial electrode materials for LIB will soon reach their ceiling in terms of capacity 

due to the limited number of crystallographic sites naturally available in these compounds for the 

insertion and extraction of lithium ions. Lithium-Sulfur is the next generation of electrode 

chemistry with theoretical capacity of 1672 mAh/g. The key problems with the Li-S battery are: i) 

high resistance of sulfur (∼10−30 S/cm) and the intermediate products (i.e., lithium polysulfides 

Li2Sx) formed during cycling along with their formidable structural and morphological changes, 

which can lead to unstable electrochemical contact within sulfur electrodes; ii) Li2Sx, an 

intermediate polysulfide product, tends to dissolve in the electrolyte and shuttle between the anode 

and cathode during cycling, reacting with both the lithium metal anode and the sulfur cathode, i.e., 

the shuttle effect. In general, polymeric materials are implemented to address the problems with a 

Li-S battery in two ways: creating a sulfur/polymer composite or a polymer-based 

cathode/electrolyte interface (CEI).  

The general merit for development of a sulfur/polymer composite cathode is to add doped 

element in order to strengthen the bonding energy between structure and sulfur or intermediate 

product during cycling, in order to reduce the shuttle effect. Polymers with functional groups, such 

as PAN, PPy, and PANI show a significant role in improving the performance of a Li-S battery by 

forming a sulfur/polymer composite. In general, when compared with sulfur/carbon composite, 

the sulfur/polymer composite has the following advantages: (1) lowered synthesis temperature and 

simpler synthetic methods; (2) providing a confining effect of the sulfur and intermediate product 

during cycling by interchain or intrachain bonding; (3) alleviated the volume change of cathode 

during cycling due to soft nature of the polymer with good resilience. A few strategies exploring 

sulfur/polymer composite are presented below.112 
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Sulfur−polyacrylonitrile composites (SPAN) was first applied as a cathode in a Li-S battery  

by Wang et al. in 2003 and they delivered a specific capacity of 1000 mAh/g using a 65% sulfur 

content in the composite.113 The structure of SPAN was then further proposed by two groups, Yu 

et al.114 and Fanous et al.115 They both proposed the SPAN structure in which the short -Sx- chains 

covalently interacted with the dehydrogenated and cyclized PAN backbone. Archer et al. further 

reported a facile synthesis scheme of a family of SPAN composites that utilize specific interactions 

with nitrile groups on the polymer backbone and sulfur to promote ring formation and 

dehydrogenation.116 Recently, Xie et al. designed a selenium-doped sulfurized polyacrylonitrile 

cathode which shows excellent electrochemical performance and outstanding compatibility with 

an ether-based electrolyte. The catalytic amount of Se-doping leads to a higher lithium ion 

diffusion coefficient and relatively low polarization, resulting in rapid conversion of polysulfide 

intermediates and fast reaction kinetics, which in turn prevents the dissolution of polysulfide 

intermediates in ether. It is believed that the solution by rapid and complete conversion from 

soluble Li2Sn (n ≤ 4) to insoluble Li2S can also be applied in other similar cathodes involving 

formation of Li2Sn (n ≤ 4).117 

Another application of polymers in Li-S batteries is for the polymer to be at the cathode 

electrolyte interface (CEI), in addition to the polymer electrolyte described in the previous section. 

The main advantages of having the polymer interface is to directly block the dissolution and 

diffusion of polysulfides. 118-124 A few examples have been demonstrated in the past few years. 

Chiang et al. showed that through multilayer encapsulation of sulfur particles the polysulfide 

shuttle can be significantly reduced, resulting in a more stable Li–S battery. Sulfur nanoparticles 

are encapsulated with manganese oxide particles as the inner layer and a layered polypyrrole as 

the outer layer. The reason for choosing polypyrrole are (1) its porous structure allows electrolyte 
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uptake; (2) its flexible network supports and contains the inner MnO2 shell during discharging 

where the volumetric expansion of sulfur occurs, and (3) its remarkable electronic conductivity 

improves the bulk conductivity of the electrode and provides electronic charge transfer to the sulfur 

nanoparticles. SPPyMnO2 electrode delivers a specific capacity of 1367 mAh/g at C/5 (charge or 

discharge of two Li in 5 h), corresponding to 81.7% of the theoretical capacity (1672 mAh/g). The 

bare sulfur electrode on the other hand, only delivers 47% of the theoretical value. Such high 

utilization in the nanocomposite can be attributed to the higher electrical conductivity of the 

SPPyMnO2. Moreover, the double-layer coating delivers coulombic efficiency as high as 98%, 

when a binder-free electrode is used.122 Xu et al. prepared a polysulfide-immobilizing polymer to 

address the shuttling issues. A natural polymer of gum arabic (GA) with precise oxygen-containing 

functional groups that can induce a strong binding interaction toward lithium polysulfides was 

deposited onto a conductive support of a carbon nanofiber (CNF) film as a polysulfide shielding 

interlayer. The as-obtained CNF–GA composite interlayer achieved outstanding performance with 

a high specific capacity of 880 mA h/g and maintain a specific capacity of 827 mAh/g after 250 

cycles under a sulfur loading of 1.1 mg/cm.123 Manthiram et al. used a similar strategy, but with 

different chemistries, they employed a thin layer of a polymer with intrinsic nanoporosity (PIN) 

on a Li+ conductive solid electrolyte Li1+xAlxTi2‐x(PO4)3 (LATP), which significantly enhances the 

ionic interfaces between the electrodes and the solid electrolyte. In the full cell test, the smooth 

voltage profile and the reasonable discharge–charge voltages reveal that a facile ionic interface 

was achieved with the assistance of the PIN coating. In terms of long-term recycling stability, for 

the Li|PIN-LATP|S/C cell, capacity of around 800 mAh/g was maintained after 150 cycles while 

the Li|Celgard|S/C cell faded quickly starting from the beginning. The origin for the improvement 

of cycling stability of Li-S cells is the employment of the PIN polymer that prevents the invasion 
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of polysulfide species to the surface of LATP and maintains an adequate ionic interface contact 

between the sulfur–carbon composite cathode and the LATP membrane.119  

Conclusions 

A battery can be regarded as a closed multi-interface system, which includes electrolytes, 

anode, cathode, anode/electrolyte interface (SEI), cathode/electrolyte interface (CEI), 

anode/current-collector interface, cathode/current-collector interface, with active 

materials/electrons shuttling between each interface. By replacing graphite anode in a typical LIB 

with metallic lithium in an LMB, the interface between anode and electrolyte, or more often 

referred to as solid electrolyte interface (SEI), becomes much more unstable, with the dendrite 

issues being the most notable challenge. Due to the attractive high energy density of lithium metal 

and the resulting practical values, stabilization of the lithium metal anode interface has been 

regarded as the “holy grail” in the rechargeable battery industry. On the other hand, in order to 

match the high energy density of lithium metal, new higher-energy-density cathode materials have 

to be adopted, such as a nickel-rich high-voltage layered metal oxide or a non-lithium-containing 

sulfur cathode, which further leads to more interfacial problems.  

It is obvious from the examples discussed above that functional polymers can be a vital 

building block for all the aforementioned major components of an LMB. These numerous 

approaches that have been emerging within recent years clearly represent a new perspective for 

achieving success with LMBs, that is, applying tailor-made functional polymers with a wide range 

of mechanical and electrochemical properties as a transient agent to optimize resistance, stability 

and transport properties at different interfaces in an LMB.  
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 Single-ion Polymer Electrolytes  

Preface 

Rechargeable batteries with lithium metal anodes are the most viable future technology to 

provide batteries with higher energy density. However, the low stability of lithium metal anodes 

under reductive conditions, low transference number and flammability of typical liquid 

electrolytes lead to high incompatibility with the solid lithium metal. Solid electrolytes are 

therefore regarded as critical possible replacements of liquid electrolytes. In general, there are two 

types of solid electrolytes– ceramic Li+ conductors and polymer electrolytes. Although ceramic 

Li+ conductors could have high ionic conductivity and transference number, the difficulty to 

produce and handle them, as well as the insufficient contact at the anode/electrolyte interface, 

greatly limited their practicability. In contrast, polymer electrolytes have received great attention 

as this type of electrolyte can possibly overcome the flaws that have been limiting ceramic 

electrolytes, especially due to the adaptable nature of polymeric materials. However, typical 

polymer electrolytes have lower ionic conductivity and lower transference number, and sometimes 

poor mechanical strength. Therefore, it is highly desirable to find a general synthetic way to create 

lithium ion conducting polymer electrolytes that feature high transference number, improved ionic 

conductivity and stability as well as higher mechanical strength. 

Bearing these goals in mind, I designed two types of polymer-based electrolytes with high 

transference number and high ionic conductivity. I designed all of the experiments, performed all 

of the synthetic experiments and electrochemical tests. Nevertheless, I would like to especially 

thank Prof. Venkat Viswanathan and Dr. Vikram Pande from Department of Mechanical 

Engineering at CMU for their contribution in modeling and computation. I would like to thank 

Han Wang, Julia Cuthbert andZongyu Wang for contribution in materials characterizations, 
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Hongkun He and Xiangcheng Pan for their contribution in polymer synthesis, Francesca Lorandi 

for her contribution in paper writing. 

These projects resulted in two first-author publication: (1) Sipei Li, Alexander I. Mohamed, 

Vikram Pande, Han Wang, Julia Cuthbert, Xiangcheng Pan, Hongkun He, Zongyu Wang, 

Venkatasubramanian Viswanathan, Jay F. Whitacre, Krzysztof Matyjaszewski, “Single-Ion 

Homopolymer Electrolytes with High Transference Number Prepared by Click Chemistry and 

Photoinduced Metal-Free Atom-Transfer Radical Polymerization”, ACS Energy Lett., 2018, 3, 20. 

(impact factor 16.331) and (2) Sipei Li, Francesca Lorandi, Jay F. Whitacre, Krzysztof 

Matyjaszewski, “Polymer Chemistry for Improving Lithium Metal Anodes”, Macromol. Chem. 

Phys., 2019, 1900379. This work was supported by the National Science Foundation (DMR 

1501324), U.S. Department of Energy, Energy Efficiency and Renewable Energy Vehicle 

Technologies Office under Award Number DE-EE0007810. 

Single-ion Polymer Electrolyte by Photo-ATRP  

The urge for higher energy density has driven development of new anode materials, such 

as silicon and lithium metal.1, 2 However, adopting such electrodes generates strict safety 

requirements towards the electrolyte materials,3, 4 especially regarding the suppression of lithium 

dendrite formation.5 Typical electrolytes for lithium ion batteries are dual-ion conductors, with 

mobile cations and anions that employ combustible organic solvents.  This generates a lithium 

concentration gradient and cell polarization, which can lead to development of lithium dendrites.6, 

7 Once lithium dendrites are formed, they continue to grow until they puncture the battery 

separator, leading to an internal short circuit and possible thermal runaway of the battery.  
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Five major approaches have been examined to suppress lithium dendrites growth: 

formation of an anode surface coating, either formed in situ8 or ex situ5; incorporation of additives 

(such as LiF9) that stabilize lithium electrodeposition; adoption of solid electrolytes with shear 

moduli higher than that of the tip of a lithium dendrite (109 Pa)10, 11; adoption of tortuous, 

nanoporous separators12-14; and adoption of single-ion lithium conductors featuring high 

transference numbers.15  

The “single-ion” approach featuring high transference number (t+) has proven to be one of 

the most efficient ways to suppress dendrites because it minimizes the concentration gradient near 

the anode, thereby lowering the driving force for dendrite formation.16, 17 Typically, there are two 

types of single-ion lithium conductors, ceramic lithium super ionic conductors and single-ion 

polymer electrolytes. The single-ion polymer electrolytes are made by covalently immobilizing 

anions onto the polymeric backbones.15 Compared to ceramics, polymeric single-ion electrolytes 

have several advantages such as facile preparation, ability to form thin membranes, tunable 

mechanical strength, and chemical stability.18-21 Therefore, extensive efforts have been made to 

develop single-ion polymer electrolytes with high ionic conductivities and transference numbers. 

Currently, four types of single-ion polymer electrolytes have been reported: sulfonate-

based,22, 23 acrylate-based,24 borate-based,25-28 and sulfonyl(trifluoromethylsulfonyl)imide-based 

(TFSI-) polymers29. The weak coordination between the bulky TFSI- anion and lithium ion leads 

to high lithium conductivity in the electrolytes. Therefore, the fourth type of electrolytes have 

emerged to be the most promising. Armand et al. reported the polystyrene-based single-ion 

electrolytes by attaching TFSI-Li+ ion pairs onto the p-position of the phenyl group (STFSILi).15, 

30 An ABA triblock copolymer (polySTFSILi-PEO-polySTFSILi) was prepared with the middle 

PEO block providing an ionic conductivity of 4×10-5 S/cm at 90 oC and t+ of >0.85.31 Long et al. 
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reported an A-BC-A triblock copolymer with randomly copolymerized polyOEGMA-

polySTFSILi as the middle block. The polymer showed conductivity of 8 ×10-6 S/cm at 90 oC.32 

Balsara et al. prepared blends of PS-b-PEO with  poly(octahedral silsesquioxane) (POSS) modified 

polySTFSILi. The blends system showed ionic conductivity around 10-5 S/cm at 90 oC and t+ of 

0.98.33 However, the polystyrene backbone is unfavorable for lithium conduction and it requires 

the introduction of either a covalent conductive block of poly(ethylene glycol) (PEO) or a blend 

with plasticizers to assist lithium conduction.32-37 Such procedures unavoidably complicate the 

preparation of electrolytes and the t+ is usually below 0.93. Also, it still remained a challenge to 

develop solvent-free single-ion polymer electrolytes with similar ionic conductivity to that of salt-

doped non-single-ion polymer electrolytes (>10-4 S/cm at 90 oC).31 Therefore, in order to simplify 

electrolyte preparation and improve battery performance, it is desirable to develop single-ion 

homopolymer electrolytes that have higher ionic conductivity (>10-4 S/cm at 90 oC) and 

transference number (>0.93).  

Moreover, for electrolytes based on polymeric materials, the control over polymer 

molecular weight and dispersity (Đ) is critical. Reversible deactivation radical polymerizations 

(RDRP) procedures, including nitroxide-mediated polymerization (NMP),38 reversible addition-

fragmentation chain-transfer (RAFT) polymerization39 and atom transfer radical polymerization 

(ATRP) 40, 41 have emerged as convenient techniques for controlled synthesis of functional 

polymers. Compared to other RDRP methods, ATRP is more advantageous for surface 

modification and chain-extension. However, the use of ATRP for preparation of single-ion 

polymer electrolytes remained a challenge and is the subject of this work.  
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Scheme 1. Synthetic route of PEOMA-TFSI-Li+ macromonomer by click chemistry. 

The target of this work was to prepare single-ion homopolymer electrolytes by ATRP, 

featuring a simplified synthesis of an electrolyte that provided high ionic conductivity, and high 

transference number. First, a highly conductive PEO-based macromonomer (PEOMA-TFSI-Li+) 

was prepared based on copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction shown in 

Scheme 1.42-44 Detailed experimental procedures are described in the supplementary information. 

A hydroxyl-functionalized poly(ethylene glycol) methacrylate (PEOMA) with average molecular 

weight of 500 was purified as previously reported.45 The alkyne group was attached by reacting 

with pentynoic acid. Chloro-TFSI-Li+ was synthesized by condensation between 3-

chloropropanesulfonyl chloride and trifluoromethanesulfonamide. The azidation of the chloro-

TFSI-Li+ to N3-TFSI-Li+ was carried out with lithium azide in DMF at 90 oC. The final product of 

PEOMA-TFSI-Li+ was synthesized by CuAAC between N3-TFSI-Li+ and alkyne-functionalized 

macromonomer PEOMA in the presence of low catalyst amount (0.5 mol% CuBr2).42, 43  
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Figure 9. 1H NMR spectrum of the PEOMA-TFSI-Li+ 

Since the precursor monomer (PEOMA) is actually an oligomer, the monomer has an 

intrinsic dispersity (Đ) ~1.2 (Figure 2c). The average molar ratio of ethylene oxide units (EO) to 

lithium ions is 10.5/1, which is close to the ideal ratio of EO/Li for high conductivity.46-48 Residual 

copper species in the product were removed by passing the product  through basic alumina 

columns. The final product with molecular weight of ~1000 was further washed with lithium 

carbonate and dialyzed against water for 3 days. Figure 9 shows the proton nuclear magnetic 

resonance (1H NMR) spectrum of the synthesized macromonomer. Peak a (5.6 ~ 6.1 ppm) 

represents the hydrogen atoms of the double bond. Peak b at ~1.8 ppm represents the methyl 

hydrogen of the methacrylate group. Peak j at ~7.9 ppm indicates the formation of triazole ring 

from cycloaddition. Large multiplet peak k at ~3.5 ppm and triplet peak c & d at ~4.3 ppm are the 

methylene hydrogen atoms of the EO repeating unit.  
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Figure 10. (a) Kinetic plots of ln([M]0/[M]) vs time, (b) plots of Mn×10-3 and Đ vs conversion. 

(Blue triangles: Mn from multi-angle light scattering; hollow square: dispersity, Đ) and (c) GPC 

traces (with DMF containing 50 mM LiBr as eluent and PEO as calibration standards) for metal-

free ATRP of PEOMA-TFSI-Li+. Conditions: [PEOMA-TFSI-Li+]0/[EBPA]0/[Ph-PTZ]0 = 

100/1/0.1. PEOMA-TFSI-Li+/DMF= 1/3 (w/w), irradiation by 4.9 mW/cm2 UV light.  

ATRP is one of the most efficient RDRP techniques to prepare polymers with well 

controlled molecular weight and dispersity.40, 49-52 A typical ATRP process involves a copper based 

catalyst to activate and deactivate propagating chain ends. Several procedures were developed to 

reduce the concentration of ATRP catalyst, including activator regeneration by electron transfer 

(ARGET) ATRP,53 supplemental activator and reducing agent (SARA) ATRP,54, 55 initiators for 

continuous activator regeneration (ICAR) ATRP,53, 56 and e-ATRP.57 Recently, a photoinduced 

metal-free ATRP using 10-phenylphenothiazine (Ph-PTZ) as an organic photocatalyst was 

reported.58-60 The mechanism of photo ATRP is based on an oxidative quenching cycle. First, the 

ground state PTZ is excited, which then reacts with a dormant alkyl bromide and generates an 

active propagating chain end. The resulted PTZ+•Br- deactivates the active center forming dormant 
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species and returns back to the ground state.59, 61 This metal-free ATRP technique was applied to 

the polymerization of a PEOMA-TFSI-Li+ macromonomer. The procedure for the polymerization 

is described in the supplementary information. The linear semilogarithmic plot (ln([M]0/[M]) vs 

time) in Figure 10a indicated the steady concentration of active centers during the polymerization. 

The absolute molecular weight of the polymers was measured by gel permeation chromatography 

with multi-angle light scattering (GPC-MALS). The Mn values estimated from light scattering 

(dn/dc = 0.0328) were in good agreement with the theoretical Mn values, indicating high initiating 

efficiency and highly preserved chain-end functionality throughout the polymerization. GPC 

traces exhibited a symmetrical narrow Gaussian distribution (Figure 10c), but the dispersity 

gradually increased at higher conversion. It should be noted that the molecular weight and 

dispersity measurements were conducted in an eluent phase with 50 mM LiBr in order to screen 

interactions between ionic species, columns, and solvent.62 

Table 1. Physical and electrochemical properties of poly(PEOMA-TFSI-Li+)s. 

Entry Mna Đa DPa Tg (oC)b σ 90 oC (S/cm)c Ea (eV)c t+c 

1 1000 1.2 1d -30 1.55 × 10-4 0.62 0.81 

2 7500 1.3 7 -24 1.02 × 10-4 0.64 0.99 

3 14000 1.4 14 -17 4.73 × 10-5 0.70 0.99 

4 29800 1.4 30 -14 2.37 × 10-5 0.75 0.97 

 a Number-averaged molecular weight (Mn), dispersity (Đ) and degree of polymerization (DP) 
measured from multi-angle light scattering (GPC-MALS); 

b Glass transition temperature measured from DSC; 
c Ionic conductivity (σ), activation energy (Ea), and transference number (t+) measured from EIS. 
d DP = 1 refers to the macromonomer PEOMA-TFSI-Li+ 

In order to study the ionic transport properties, polymers with different degrees of 

polymerization (DP) were prepared by the photoinduced metal-free ATRP. As shown in Figure 11 
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and Table 1, four samples with different DP were studied, i.e., macromonomer (DP 1), DP 7, DP 

14 and DP 30. For PEO-based electrolytes, lowering the crystallinity of the PEO domain was 

critical to achieve high lithium ion conductivity. Figure 11a comparatively displays the X-ray 

diffraction (XRD) patterns of the different samples. Two sharp diffraction peaks were observed at 

~19o and ~23o for pure PEO with a molecular weight of 10000, indicating the highly crystalline 

nature of PEO. For the macromonomers and polymers with different DP, the intensity of this peak 

greatly decreased, suggesting suppressed crystallinity. The lower crystallinity arose from two 

circumstances: (1) the presence of inorganic content which suppressed the crystallinity of the PEO 

phase63 and (2) the brush-like topology (or star-like topology at low DP PEO) which made the 

compact packing of polymer chains difficult.64 Ionic conductivities for all polymers versus inverse 

absolute temperature are presented in Figure 11b in the form of Arrhenius plots. Measurements 

were carried out from room temperature to 100 oC. All four samples had good ionic conductivity, 

ranging from 10-5 to 10-4 S/cm at temperature > 90 oC.15 Especially, for samples with DP 1 & 7, 

the ionic conductivity reached over 1 × 10-4 S/cm at 90 oC, which is comparable to salt-doped non-

single-ion polymer electrolytes.31 As DP increased, the ionic conductivity gradually decreased by 

one order of magnitude.65 The drop of ionic conductivity with increasing DP could be due to the 

decrease of long-range mobility of the polymer chains. The differential scanning calorimetry 

(DSC) analysis consistently proved the mobility decrease, as the glass transition temperature (Tg) 

increased from ~ -30 oC to ~ -15 oC and the activation energy of ionic conductivity increased from 

59.8 KJ/mol to 72.6 KJ/mol, Table 1. Noticeably, when the temperature changed, there was no 

sharp change in ionic conductivity, which indicated the absence of a melting temperature and a 

low degree of crystallinity.15 The similar slope of Arrhenius plot of each sample indicates a similar 

ion transport mechanism for polymers with different DPs. The electrochemical stability window 
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was studied using the polymer with DP = 7. Compared to the salt-doped non-single-ion PEO 

electrolytes, the polymer showed only one redox pair, with a reduction peak below ~1 V vs. Li+/Li, 

indicating the anodic stability of the polymer against lithium metal, Figure 11c.  

 
Figure 11. (a) XRD spectra (normalized by weight) and (b) Arrhenius plot of ionic conductivity 

of poly(PEOMA-TFSI-Li+) of different DPs; (c) CV curves of poly(PEOMA-TFSI-Li+) (DP=7, 

black) and blend of PEO 5K with LiTFSI (red, EO/Li+ = 10/1) at 0.1 mV/s and r.t.; (d) Shear 

modulus and complex viscosity of  poly(PEOMA-TFSI-Li+) (DP=7) (e) lithium plating/stripping 

experiment at J = 0.1 mA/cm2 90 oC, every cycle lasts 1 hr. 

The transference number of lithium ions also reflects the performance of single-ion 

polymer electrolytes. The transference numbers were determined using a previously reported 

method.26 The transference number of 1M LiPF6 in EC/DEC (1:1 v:v) was determined to be 0.31 

(supplementary information), consistent with previous reports, indicating the reliability of the 
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measurements.66 The monomer had a transference number of 0.82, meaning that the macroanions 

still had some degree of mobility. Interestingly, all the polymers showed very high transference 

number, approaching unity; 0.99 for DP 7 and 14, 0.97 for DP 30 respectively. This observation 

indicates that the lithium ions remained highly delocalized in the non-crystalline PEO domain of 

the homopolymer. Noticeably, all the single-ion polymers had interfacial resistance around 102 

KΩ/cm2, an aspect that needs to be improved for commercial purposes compared to commercial 

liquid electrolytes. To study the stability of lithium ion transport in the bulk electrolytes, a lithium 

stripping-plating experiment in a symmetric lithium/polymer/lithium cell was carried out to mimic 

the operation of charging and discharging in a lithium metal battery.  

The poly(PEOMA-TFSI-Li+) (DP=7) was sandwiched in a 250 micron gap between two 

polished lithium sheet and sealed in a coin cell. Figure 11e shows the time-dependent voltage 

profile of the cell with the polymer as the electrolytes cycle over 250 h at a constant current density 

of 0.1 mA/cm2 and a temperature of 90 oC. After 290 h, the current density was increased to 0.2 

mA/cm2 and the lithium plating/stripping showed continued stability, Figure 18, for ~100 cycles. 

Noticeably, due to the brush-liked morphology, the viscoelastic polymer only has a shear modulus 

of 74 Pa at 90 oC (Figure 11d). This observation is consistent with a previous report that a high 

transference number lowers the requirement of mechanical strength for stable electrodeposition of 

lithium.67  

A large number of models have been developed to explore the factors responsible for 

dendrite growth. Bockris et al. first developed a kinetic model for zinc electrodeposition in 

aqueous solutions.68 Later Monroe et al. developed an improved kinetic model to describe the 

transport factors responsible for lithium dendrite growth in polymer electrolytes and then explored 

the effects of elastic deformation at the interface.10, 69 It has been shown by many of the studies 



 53 

that mechanical properties such as shear modulus, yield strength and fracture toughness play an 

equally important role to transport properties during electro deposition.70, 71 Monroe and Newman 

showed that a polymer modulus of more than twice of that of lithium should lead to stable electro 

deposition.10 However most polymers don’t have such high shear moduli and their shear moduli 

can only be increased at the cost of lowering the ionic conductivity. Ahmad et al. have recently 

showed that stable electrodeposition can also be achieved at lower moduli by changing the partial 

molar volume of lithium in the polymer electrolyte.11 Tikekar et al. recently developed a combined 

model, including mechanical and transport properties, and proved that increasing the transport 

number of the electrolytes results in lowering of the critical modulus required for stable 

electrodeposition.66 They show that shear modules of about 100 MPa is sufficient for dendrite 

suppression. As discussed earlier, the polymers we have formed are very fluid and have moduli of 

the order of about 1 MPa at r.t. and 100 Pa at 90 oC. This means that dendrite suppression in these 

polymers is unlikely to occur due to mechanical properties or via grain boundaries.  Hence, in this 

work we only explore the effect of transport properties. Improving the mechanical properties of 

these polymers will be done in a future study. 

To compare the effect of transport properties on dendrite growth, we employ the kinetic 

model developed by Monroe et al.68 The model assumes bulk electro neutrality in a defect-free 

electrolyte and galvanostatic condition to solve for the transient concentration profiles of ions. The 

transient concentration profiles are used to derive an expression for the current density at the tip 

of a dendrite of a certain length. The trends remain largely consistent, independent of the choice 

of the dendrite length. The ratio of the current density at the tip to the current density at the flat 

electrode surface is a direct measure of the propensity of dendrite growth in an electrolyte and we 

used this parameter to compare the ability to suppress dendrites for various electrolytes. The 
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analytical expression for the ratio of current density at the tip to the current density at the electrode 

is given by: 
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More details regarding the derivation of the equation and the parameter values are given in 

the supplementary information. Using this equation, we derived a contour plot to compare the 

current density at the tip of typical dendrite lengths of 10-100 nm as a function of the diffusion 

coefficient of lithium ions and transference number for different electrolytes, which is shown in 

Figure 12. The model predicted that for a defect-free system, there would be significant dendrite 

suppression by a factor of 3-4 with increasing transference number at constant diffusivities. It is 

worth highlighting that increasing diffusivities at constant transference number enhances dendrite 

suppression by a factor of 1.5-2, however, this trend is reversed at very high transference numbers 

(t+ > 0.95). This observation is consistent with Monroe’s work which indicated that at very high 

transference numbers, the maximum charge passed before shorting happens at very low diffusion 

coefficients such that we can only observe the decreasing trend of charge passed (increasing trend 

of tip current ratio) for realistic diffusion coefficients.69 The model suggests that the synthesized 

polymers have greater potential to suppress dendrites based on transport properties. An important 

challenge is to ensure low interfacial impedance at the lithium/polymer electrolyte interface such 

that high current densities can be supported. To apply our materials to real batteries would be the 

next goal of our work.  
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Figure 12. Contour plot showing the propensity of dendrite growth (ratio of tip current to applied 

current) for electrolytes of different transference numbers and Li+ diffusion coefficients. The 

model is evaluated at a temperature of 90 oC and the tip current is calculated using a dendrite of 

length 10 nm. The black squares represent the polymers synthesized in the current work. 

 

In summary, a new type of single-ion homopolymer electrolyte with high ionic 

conductivity and high transference number has been synthesized based on click chemistry 

synthesis of a PEO based macromonomer and photoinduced metal-free ATRP. The homopolymer 

systems simplified the fabrication of polymer electrolytes, in comparison to block copolymer or 

polymer blends with plasticizers. The synthetic procedure presents the first case of using ATRP to 

prepare single-ion polymer electrolytes with good control over molecular weight and dispersity. 

The polymers had greatly reduced crystallinity due to the combination of homogeneously 

dispersed lithium ions and the non-linear topology of the polymer electrolyte. As a result, the 

polymers showed good ionic conductivity (comparable to salt-doped non-single-ion electrolytes) 
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and high transference number (approaching unity). The clickable ionic precursor N3-TFSI-Li+ can 

potentially be attached to various platforms for development of new types of single-ion 

electrolytes. The polymer with a DP of 7 showed stable lithium plating/stripping cycles for over 

300 Hr with current density increasing from 0.1 mA/cm2 to 0.2 mA/cm2. The dendrite suppressing 

capability of the polymers was also predicted by examining the ratio of the current density at the 

tip to the current density at the flat electrode surface. Therefore, our analysis showed that the 

polymer with such high transference number should have a high propensity to suppress dendrite 

growth.  

𝑖/ is the exchange current density at the lithium electrode-electrolyte interface 

𝑖 is the applied current density 

𝛾 is the surface energy of lithium metal 

𝑉 is the molar volume of lithium metal 

𝛼 is the transfer coefficient for lithium redox reaction 

𝐹 is the Faraday’s constant 

𝑅 is the ideal gas constant 

𝑇 is the temperature at which the cell is simulated 

𝜂 is the over potential of the lithium reduction reaction at the flat surface 

𝑐*'C is the reference concentration defined as 1000 mol/m3  

𝑐D%E is the concentration of lithium ion  

𝑡L is the transference number of the polymer electrolyte 

𝐷 is the salt diffusion coefficient 

𝑡 is the radius of the dendrite tip 



 57 

 
Materials. 4-Pentynoic acid (98%) was purchased from GFS Organic Chemicals. 

Trifluoromethanesulfonamide (95%) was purchased from Oakwood Chemicals. 3-

Chloropropanesulfonyl chloride (98%), poly(ethylene glycol) methacrylate (average Mn 500), 

lithium hydroxide (99.95%), sodium azide (≥99%), N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC, ≥99%),  N,N-dimethylamino pyridine (DMAP, ≥99%), 

copper bromide (≥99.99%), ascorbic acid, (AA, ≥99%) N,N,N',N'',N'''-

pentamethyldiethylenetriamine (PMDETA, 99%), ethyl α-bromophenylacetate (EBPA, 97%) 

were purchased from Sigma Aldrich. Ph-PTZ was synthesized according to our previous work.59 

All solvents and other chemicals are of reagent quality and were used as received unless special 

explanation.  

Instrumentation. Proton nuclear magnetic resonance (NMR) measurements were 

performed on a Bruker Avance 300 MHz spectrometer. Molecular weight, molecular weight 

dispersity (Đ) and dn/dc value were determined by combination of gel permeation chromatography 

and multi-angle light scattering (GPC-MALS). The GPC-MALS used a Waters 515 HPLC pump, 

Wyatt Optilab refractive index detector, Wyatt DAWN HELEOS-II multi-angle light scattering 

detector and PSS columns (Styrogel 102, 103, and 105 Å) with 50 oC DMF (50 mM LiBr) solution 

as eluent phase at flow rate of 1 mL/min. The conductivity was measured by Bio-logic 16-channel 

VMP-3 multi-channel potentiostat/electrochemical impedance spectrometer at temperature range 

of r.t. ~ 100 oC. All tested samples were first dried under 90 oC vacuum for 5 days and stored in 

glove box before use. Temperature dependent shear modulus and complex viscosity was measured 

by Anton Paar modular compact rheometer MCR 302. 
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Figure 13. 1H NMR spectrum of 3-chloropropanesulfonyltrifluoromethanesulfonylimide (Cl-

TFSI-Li+). 

Synthesis of Lithium 3-chloroproanesulfonyltrifluoromethanesulfonylimide (Cl-

TFSI-Li+). In a typical procedure, 4.068 g lithium hydroxide (2 equiv.) and 12.627 g 

trifluoromethanesulfonamide were mixed in 85 mL acetonitrile in a 100 mL round bottom flask 

deoxygenated by N2 purge while in an ice bath. 15 g of 3-chloropropanesulfonyl chloride were 

then injected dropwise into the flask. The reaction was allowed to warm up to room temperature 

and left to react for 24h. Afterwards, the mixture was filtered to remove insoluble salts and dried 

under vacuum to yield a pale viscous liquid. The raw material was recrystallized in 

dichloromethane to give pure white solid, with over ~80% yield. The 1H NMR (300 MHz, DMSO-

d6): δ (ppm) = 3.74 (2H, t, ClCH2CH2), 3.10 (2H, t, CH2CH2S(═O)2N), 2.15 (2H, q, ClCH2CH2) 

Synthesis of Lithium 3-azidoproanesulfonyltrifluoromethanesulfonylimide (N3-TFSI-

Li+). In a typical procedure, 500 mg Cl-TFSI-Li+ (1 equiv.) and 115.7 mg NaN3 (1.05 equiv.) were 

mixed in 2 mL DMF in a 10 mL sealed round bottom flask equipped with a stirring bar. The 

mixture was deoxygenated with a N2 purge then placed in an oil bath thermostated at 90 oC. The 

mixture was allowed to react for 24 h. Afterwards the extra salt was removed by filtration but the 
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solvent wasn’t removed and the solution was directly added to the next step for click chemistry. 

1H NMR (300 MHz, DMSO-d6): δ (ppm) = 3.47 (2H, t, N3CH2CH2), 3.02 (2H, t, 

CH2CH2S(═O)2N), 1.91 (2H, q, N3CH2CH2).  

 

Figure 14. 1H NMR spectrum of 3-azidopropanesulfonyltrifluoromethanesulfonylimide (N3-TFSI-

Li+) 

Synthesis of alkynyl poly(ethylene glycol) methacrylate (PEOMA-alkyne). Hydroxyl-

terminated poly(ethylene glycol) methacrylate (PEOMA-OH) was washed with diphenyl ether and 

mixture of hexane/chloroform (3/1) to remove dimers. In a typical procedure, 20 g purified 

hydroxyl-terminated poly(ethylene glycol) methacrylate (1 equiv.), 5.84 g pentynoic acid (1.2 

equiv.) and 6.8 g EDC (1.2 equiv.) were mixed in 130 mL dichloromethane in a sealed 500 mL 

round bottom flask equipped with a stirring bar then the flask was placed in an ice bath. The 

mixture was deoxygenated by N2 purge. A solution of 534 mg DMAP (0.12 equiv.) in 3 mL 

dichloromethane was injected dropwise into the flask. The reaction was then allowed to warm up 

to room temperature and react for 24 h. The solution was then washed sequentially with 1M HCl 

solution, saturated sodium bicarbonate and brine (3 times respectively). The organic phase was 

collected and dehydrated over magnesium sulfate. The final product was obtained after removing 
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the solvent under vacuum as a light yellow viscous liquid. The 1H NMR is shown below in Figure 

15.  

 

Figure 15. 1H NMR spectrum of alkyne-functionalized poly(ethylene glycol) methacrylate 

(PEOMA-alkyne). 

Click chemistry synthesis of a single-ion monomer PEOMA-TFSI-Li+. In a typical 

procedure, 3.27 g N3-TFSI-Li+ (1 equiv.), 10.2 g PEOMA-alkyne (1.5 equiv.), 12 mg CuBr2 (0.005 

equiv.) and 28.1 mg PMDETA (0.015 equiv.) were mixed in 4 mL DMF in a sealed 10 mL Schlenk 

flask equipped with a stirring bar. The mixture was deoxygenated by 3 freeze-pump-thaw cycles. 

The flask was allowed to warm up to room temperature and placed in an oil bath thermostated at 

50 °C. A deoxygenated solution of 57.2 mg ascorbic acid (0.03 equiv.) in 0.2 mL DMF was 

injected into the flask under a N2 purge to initiate the click chemistry by forming the CuI complex 

in situ. The reaction was stopped after 72 h and then precipitated by addition to diethyl ether. Then 

the copper was removed by passing a solution through basic alumina column and ion-exchange 

resin. The final product was further washed with lithium carbonate and dialyzed against water for 

3 days. The wet product was dried by lyophilization. The 1H NMR spectrum was shown in Figure 

1 in the main text. 
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Photo-induced metal-free ATRP of PEOMA-TFSI-Li+. In a typical procedure, 443 mg 

PEOMA-TFSI-Li+ (100 equiv.), 1.16 mg EBPA (1 equiv.) and 0.13 mg Ph-PTZ (0.1 equiv.) were 

dissolved in 1.3 mL DMF in a sealed 10 mL Schlenk flask equipped with a stirring bar. The mixture 

was deoxygenated by 3 cycles of freeze-pump-thaw. The flask was refilled with N2 and allowed 

to warm up to room temperature and an initial sample (t = 0) was collected by syringe. The reaction 

was initiated by irradiation with 4.9 mW/cm2 UV light. Samples were taken periodically to 

measure conversion via 1H NMR and molecular weights via GPC-MALS.  

 

Figure 16. Light scattering data of the same kinetic study in Figure 10 in the main text. From right 

to left, signal moved as expectedly. The wavy curve is because the light scattering signal for 

polymer of low molecular weight is not strong. dn/dc = 0.0328. 

Measurement of ionic conductivity. The electrochemical measurements of the ionic 

conductivities of the polymer electrolytes were carried out using an AC impedance spectroscopic 

technique. In order to avoid the influence of humidity, the polymer electrolytes were sandwiched 

in a 2016 coin cell in a glove box with Argon atmosphere , with a level of H2O and O2 < 1 ppm. 

The measurements were performed at temperature ranging from 22 oC to 100 oC. The cell was 

thermally equilibrated for 30 min at each temperature prior to measurement. The AC impedance 
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spectra were recorded over the frequency range from 1 to 8 ×105 Hz. The values of ionic 

conductivity were derived from the measured resistance by using the following equation: 

 𝜎 = 1 𝑅 × 𝐿 𝐴⁄⁄  

where L (cm) is the thickness of polymer electrolytes in the cell, A (cm2) is the area of the 

electrolytes, and R (Ω) is the impedance determined from the Nyquist plot. 

 

Figure 17. Nyquist plots of polymer electrolytes with different DP. (a) DP =1 (monomer), (b) 

DP=7, (c) DP=14, (d) DP=30 

Measurement of the transference number. The lithium-ion transference number of the 

polymer electrolytes was obtained by combining AC impedance and DC polarization 

measurements using a symmetric cell of [Li metal | polymer electrolytes | Li metal] at 60 oC, which 
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had been described previously.26 The surface of lithium metal was shaved with a scalpel before 

use. The cell was assembled in a glove box levels of H2O and O2 < 1 ppm). Before measurement, 

the cell was heated at 60 oC for 1 h in order to obtain good contact, as well as allowing for forming 

a stable interface, between the electrolytes and electrodes. Then, a DC voltage of 50 mV was 

applied to the cell until a steady current was obtained, and the initial and steady currents, which 

flow through the cell, were measured. Simultaneously, the cell was also monitored in the frequency 

range from 0.01 to 106 Hz, by using AC impedance with an oscillation voltage of 20 mV to measure 

the resistance of the electrolytes and the interface of electrolytes/Li metal electrodes, before and 

after the DC polarization. The temperature of the cell was accurately controlled at 60 oC. 

𝑡L =
𝐼X(∆𝑉 − 𝐼/𝑅/)
𝐼/(∆𝑉 − 𝐼X𝑅X) 

The transference numbers were calculated according to the above equation where t+ is the 

transference number, ΔV is the DC voltage applied across the cell, I0 is the initial current following 

the voltage step, R0 is the charge transfer resistance for lithium reduction/oxidation measured by 

impedance spectroscopy before the voltage step, Is is the steady state current measured at the end 

of the voltage step, and Rs is the resistance for lithium reduction/oxidation at the end of the voltage 

step.  
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Table 2. Measured values for the transference number of electrolytes at 60 oCa 

 

a diameter of electrode = 1.4 cm. Space of electrode equals 1.6 mm 

b tested with Celgard separator  

 

.

 

Figure 18. Voltage profile of the continued lithium plating/stripping cycling with a current density 

increase from 0.1 to 0.2 mA/cm2 at 90 °C. 

Samples I0(μA) Is(μA) R0(KΩ)/cm2 Rf(KΩ)/cm2 ΔV(mV) t+ 

DP=1 1.5 1.3 4.95 5.05 50 0.81 
DP=7 4.0 3.4 102.8 104.8 50 0.99 
DP=14 3.5 2.5 91.7 95.1 50 0.99 

DP=30 7.9 7.4 124.6 128.5 50 0.97 
1M LiPF6b  1.3 0.8 13.3 10.9 50 0.31 
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Figure 19. (a)&(b) Macroscopic image of the polymer (DP7) coated on a stainless steel spacer 

(diameter = 14 mm) ; (c) SEM image of the coated film. (Scale bar=20 micron)  

 

DENDRITE GROWTH MODEL 

The model developed by Diggle et al.68 was used to study a dendrite growth rate in the 

lithium polymer systems. The model first solves for the concentration and potential profiles in a 

galvanostatically cycled planar cell. The temperature of the cell is assumed to remain constant, the 

material and transport properties are assumed to be concentration independent and the electrolyte 

is assumed to be ideal. Now without a supporting electrolyte and assuming local electro neutrality 

everywhere in the cell, the concentration and potential solutions can be decoupled yielding the 

following equation: 

𝜕𝑐
𝜕𝑡 = 𝐷

𝜕[𝑐
𝜕𝑥[ 

where c is defined as salt concentration and D is salt diffusion coefficient. This equation is subject 

to the boundary conditions: 
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This equation is similar to a standard diffusion equation and heat equation and its solution 

is well known. The transient concentration solution can be written as: 
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We use L = 10 𝜇m, t+ is the transference number of the polymer electrolyte, D is the salt diffusion 

coefficient of the polymer electrolyte and cb is the initial bulk salt concentration, which is 1000 

mol/m3. Once we have solved for the transient concentration as a function of distance in the 

electrolyte from the lithium metal electrode this result is for a constant current density applied at 

a flat lithium electrode. Now using Monroe et al.’s derivation69 it is possible to determine the tip 

current density for dendrites of a given length X at time t. The expression for the tip current density 

can be written as: 

𝑖$%& =
𝑖/ exp 7

2𝛾𝑉
𝑟𝑅𝑇> exp 7

𝛼𝐹𝜂
𝑅𝑇 > −exp 7−

𝛼𝐹𝜂
𝑅𝑇 >

.
𝑐*'C
𝑐(𝑋, 𝑡)0

G
+ (1 − 𝑡L)𝑟𝑖/𝐹𝐷𝑐(𝑋, 𝑡) exp 7−

𝛼𝐹𝜂
𝑅𝑇 >

	 

The variables used in this expression are: 

𝑖/ is the exchange current density at the lithium electrode-electrolyte interface. We use 

𝑖/ = 30	A/m[. 

𝛾 is the surface energy of lithium metal. Here we use 𝛾 = 1.716	J/m[. 

𝑉 is the molar volume of lithium metal. 𝑉 = 1.3 × 10c�	m�/mol . 

𝛼	is the transfer coefficient for lithium redox reaction and is 0.5 

𝐹 is the Faraday’s constant, F = 96485 C/mol. 

R is the ideal gas constant, R = 8.314 J/[mol K] 
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T is the temperature at which the cell is simulated. We have considered two temperature of 

operation, 25 and 90 °C (298.15 and 363.15 K) respectively. 

𝜂 is the overpotential of the lithium reduction reaction at the flat surface and depends on 

the applied current density i, concentration of Li+ ions near the flat surface (c(0,t)) calculated using 

the expression derived earlier and is solved using the fsolve function in MATLAB   

𝑖 = 𝑖/ fexp .
𝛼𝐹𝜂
𝑅𝑇 0 −

𝑐(0, 𝑡)
𝑐_

.exp .−
𝛼𝐹𝜂
𝑅𝑇 00z 

c(X,t) is the concentration of lithium ion near the tip of dendrite of length X and at time t. 

cref is a reference concentration and is defined as 1000 mol/m3 in this case 

t+ is the transference number of the polymer electrolyte and is appropriately chosen for the 

polymer compounds developed in the experiments. 

D is the salt diffusion coefficient and can be defined as: 𝐷 = (�EL�o)dEdo
�EdEL�odo

  

where z+ = z- = 1 for single charged ions and D+ and D-  are the diffusion coefficients for the cation 

and the anion in the polymer electrolyte respectively.  D+ and D- can be determined from the ionic 

conductivity and transference number measurements carried out above as follows: 

𝐷L =
�$E��
ek

, 𝐷c = 7 b
$E
− 1>𝐷L , where 𝜎  is the measured ionic conductivity, t+ is the 

measured transference number, R is the ideal gas constant, F is the Faraday’s constant and T is the 

temperature of operation of the cell. 

r is the radius of the dendrite tip. The value of r chosen is such that we consider the 

maximum dendrite growth rate as carried out by Monroe et al. and Diggle et al.68, 69 

We use the calculated itip and use the ratio %s��
%

, which is directly proportional deposition 

rate at the tip versus the flat electrode surface and is a direct measure of dendrite propagation rate. 

We have evaluated the ratio for various dendrite lengths X and at different times t for a range of 
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transference numbers and diffusion coefficients. However, it was observed that the trend remains 

the same for different X and t as they only have a small effect on the concentration at the dendrite 

tip which in turn does not significantly affect itip. However, the applied current density at the flat 

electrode, does change the trends significantly as it changes the overpotential for the lithium redox 

reaction. Figure 20 shows the contour plots for different overpotentials. 

 

 

Figure 20. Contour plots showing dendrite growth rate (itip/i) as a function of diffusion coefficient 

of lithium and transference number of the polymer electrolyte for different overpotentials (𝜂) i.e. 

different current densities at flat surface (a) 𝜂 = 0.01 V, (b) 𝜂 = 0.05 V, (c) 𝜂 = 0.1 V, (d) 𝜂 = 0.15 

V at 90 oC. 
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Figure 21. Contour plots showing dendrite growth rate (itip/i) as a function of diffusion coefficient 

of lithium and transference number of the polymer electrolyte at room temperature. The black dots 

show the four polymers in this work. 
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Single-ion Polymer Electrolytes Prepared by Anionic ROP  

Solvent-free polymer electrolytes for rechargeable lithium batteries have received a 

significant degree of attentions due to their advantages of lower flammability, mechanical 

flexibility, ease of processing, etc.72-75 A typical type of non-solvent polymer electrolytes uses a 

blend of LiTFSI (Li[(CF3SO2)2N]) and poly(ethylene oxide) (PEO). In such system, the strong 

electron withdrawing fluorine atoms and the resonance structures due to the sulfonyl groups in 

TFSI anions make the lithium ions highly delocalized and can be conveyed through the polyester 

backbone of PEO.30 However, the existence of low molecular weight anions will generate a lithium 

concentration gradients during charge/discharge over the electrodes, causing dendrite growth and 

battery failure. 76, 77 

One of the best solutions to overcome the development of a concentration gradient is to 

anchor the counterions onto immobile polymeric structures, forming so-called “single-ion” 

polymer electrolytes.78-81 As a result, the immobilized polyanions will prevent the depletion of 

anions near the anode and thus alleviate the ion gradient.81-83 So far, several types of single-ion 

polymeric electrolytes have been reported. Armand et al.29 synthesized a new type of polymer - 

LiPSTFSI based on the monomer potassium (4-styrenesulfonyl)(trifluoromethylsulfonyl)imide 

(STFSIK). A polymer blend of LiPSTFSI/PEO showed conductivity of 10-5 S/cm at 70 oC. Later, 

they reported a prototype lithium metal battery consisting of LiFePO4 as cathode based on a 

triblock copolymer LiPSTFSI-PEO-LiPSTFSI as the electrolyte. The copolymer had a 

conductivity of 10-5 S/cm at 90 oC and a transference number of 0.82 at 60 oC.84 Derived from the 

monomer STFSIK, Zhou et al.30 reported a more delocalized polymer LiPSsTFSI which had an 

extra trifluomethylsulfonylimino group in the structure. Blends of LiPSsTFSI/PEO showed 
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increased ionic conductivity of 10-7 ~ 10-4 S/cm from r.t. to 90 oC and a transference number of 

0.91. Gerbaldi et al.85 reported a methacrylate type monomer, lithium 1-[3-

(methacryloyloxy)propylsulfonyl]-1- (triuoromethanesulfonyl)imide (LiMTFSI). To improve the 

ionic conductivity, a diblock copolymer of PEO-b-polyLiMTFSI was synthesized, which showed 

comparatively high ionic conductivity (2.3 × 10-6 S/cm and 1.2 × 10-5 S/cm at 25 oC and 55 oC 

respectively) and a transference number of 0.83. Long et al.26 reported a single-ion polymer 

network based on a tetraarylborate polymer, which had a high room temperature conductivity of 

2.7 × 10-4 S/cm and a transference number of 0.93. Recently, our group reported preparation of 

highly conductive single-ion polymer electrolytes based on poly(oligoethylene glycol) 

methacrylate (polyOEGMA) backbones, by photo-induced Mt-free atom transfer radical 

polymerization (ATRP)41, 46, 51, 52, 58, 59, 86-88, which showed high transference number up to 0.99. 

Most of these single-ion polymer electrolytes were based on a non-conductive carbon-based 

backbone and had to rely on the PEO phase to transport lithium ions. While a such a backbone can 

potentially help decrease the crystallinity of the PEO phase, the non-conductive nature of 

polycarbon backbones can cause phase separation and limit the conductivity. Therefore, it was of 

great interest to create a single-ion polymer electrolyte based on a PEO backbone.  

Herein, a chemically modifiable PEO backbone was synthesized by anionic ring-opening 

polymerization89-91 of glycidyl propargyl ether (GPE). An azido lithium salt N3-TFSI-Li+  was 

attached onto the backbone by click chemistry42, 92, giving a single-ion polymer electrolyte 

polyGPE-TFSI-Li+. The polymer showed a room temperature conductivity of 2.85 × 10-7 S/cm, a 

100 oC conductivity of 1.38 × 10-4 S/cm and a transference number of 0.99 at 60 oC. To adjust 

conductivities, mono-azido PEO (N3-PEO550) was attached together with N3-TFSI-Li+ onto the 
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backbone by click chemistry. At different ratios of N3-TFSI-Li+ to N3-PEO550, the resulted 

polymers showed an improvement of conductivity at either r.t. or 100 oC.  

 

Scheme 2. Reaction mechanism involving monomer activation prior to insertion into the growing 

“ate” complex. 

To synthesize a functionalizable PEO backbone GPE was polymerized by anionic ring-

opening polymerization with tetraoctylammonium bromide (Br-NOct4+) as initiator in the presence 

of trisisobutylaluminum (i-Bu3Al), in anhydrous toluene. The polymerization mechanism involves 

a monomer activation prior to insertion into a growing “ate” complex, as described in Scheme 2.89-

91 After polymerization, the active chain end was quenched by washing with water. A target degree 

of polymerization (DP) of 15 was achieved as shown in the GPC trace (Figure 23). 1H NMR 

spectrum of the synthesized polyGPE in Figure 22 showed the alkyne peak at 2.5 ppm, indicating 

that the alkyne functionality was well-preserved throughout the polymerization. The molecular 

weight of polyGPE, analyzed by DMF GPC, was 2,000 with a dispersity of 1.21, indicating good 

control of polymerization, Figure 23. The N3-TFSI-Li+ was clicked onto the polyether backbone at 

complete conversion, giving single-ion polymer electrolytes poly(GPE-TFSI100%) with molecular 

weight of 3,200 and dispersity of 1.16. To adjust the conductivity, N3-PEO550 short chains were 
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attached onto the backbone via copper-catalyzed alkyne-azide cycloaddition (CuAAC) click 

chemistry92 at two different ratios, 70% N3-TFSI-Li+/30% N3-PEO550 or 30% N3-TFSI-Li+/70% 

N3-PEO550, Scheme 3. To ensure stoichiometry, the click chemistry was done in two separate steps. 

First N3-TFSI-Li+ was added into the reaction with polyGPE and after it was completely consumed 

an excess amount of N3-PEO550 was added. The final polymers were purified by precipitation in 

ether. The resulted polymers were termed as poly(GPE-TFSI70%-PEO30%) (Mn=  4,500, dispersity: 

1.21) and poly(GPE-TFSI30%-PEO70%) (Mn= 6,600, dispersity: 1.37) respectively.  

 

Figure 22. 1H NMR spectrum of polyGPE in CDCl3. 
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Figure 23. GPC traces of polymer samples.  

As shown in Figure 24, as the content of N3-PEO550 increased from 0 to 70% percent, the 

glass transition temperature (Tg) decreased from -2.4 oC for poly(GPE-TFSI100%) to -10.0 oC for 

poly(GPE-TFSI70%-PEO30%) and -28.0 oC for poly(GPE-TFSI30%-PEO70%). This could be due to 

the introduction of short PEO chains onto the backbone that plasticized the polymer matrix and 

diluted the concentration of inorganic parts. The attachment of short PEO chains also transformed 

the polymer morphology from a linear shape to a comb-like structure, causing the crystallinity to 

decrease. As a result, the ionic conductivity was increased, Figure 25. By varying the amount of 

incorporated short PEO chains, the ionic conductivity could be tuned at both r.t. or high 

temperature (100 oC). Based on the chemical structures, poly(GPE-TFSI100%) had a high EO/Li+ 

molar ratio of 2/1, poly(GPE-TFSI70%-PEO30%) had a EO/Li+ ratio of 3.7/1, poly(GPE-TFSI30%-

PEO70%) had a EO/Li+ ratio of 11.3/1. Table 3 and Figure 25d show that adjusting EO/Li+ ratio 

and adjusting Tg had different impacts on improving the ionic conductivity at different 

temperatures. Poly(GPE-TFSI70%-PEO30%) showed similar ionic conductivity (2.90×10-7 S/cm) to 
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poly(GPE-TFSI100%) at r.t., but had much higher conductivity at 100 oC (2.27×10-4 S/cm). 

Comparatively, poly(GPE-TFSI30%-PEO70%) had similar conductivity (1.33×10-4 S/cm) to 

poly(GPE-TFSI100%) at 100 °C, but showed much higher conductivity at r.t (1.03×10-6 S/cm). 

These results suggest that at lower temperature chain-flexibility contributes more to the ionic 

conductivity than charge carrier concentration while at high temperature, the difference between 

chain-flexibility becomes less dominant and polymers with higher charge carrier concentrations 

contributed more to the final ionic conductivity. Therefore, best conductivity performances at 

different temperatures can be efficiently achieved by tuning the stoichiometry ratio.  

 

 
Scheme 3. Synthetic route for polymer electrolytes. 
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Figure 24. (a) DSC trace of poly(GPE-TFSI30%-PEO70%), (b) DSC trace of poly(GPE-TFSI70%-

PEO30%) and (c) DSC trace of poly(GPE-TFSI100%). 

The key parameter for single-ion electrolytes is the lithium ion transference number (t+), 

which is defined as the fraction of moving lithium ions among all moving ions during 

charge/discharge.80 An ideal single-ion electrolyte should have a transference number approaching 

unity. According to the Chazalviel model, a lithium dendrite is formed due to the anion 

concentration at the anode and high lithium transference number suppresses the ion concentration 

gradient at the anode during discharge. Herein, the transference number was investigated 

according to previous work, as described in supporting information.26 A liquid electrolyte 

composed of 1 M LiPF6 in an EC/EDC mix showed a transference number of 0.16 and an 

electrolyte blend of LiTFSI in PEO (Mn = 10,000, EO/Li+ = 10/1) showed a transference number 

of 0.35, which are comparable to previously reported values in the literature.93 The transference 

numbers for poly(GPE-TFSI100%), poly(GPE-TFSI70%-PEO30%) and poly(GPE-TFSI30%-PEO70%) 

were 0.99, 0.97 and 0.98 respectively. This was expected due to the conductive environment of 

the PEO backbones which made the lithium ions highly delocalized from the bulky TFSI anions.  
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Table 3. Information of all polymers. 

 

Figure 25. (a) EIS spectrum of poly(GPE-TFSI100%), (b) EIS spectrum of poly(GPE-TFSI70%-

PEO30%), (c) EIS spectrum of poly(GPE-TFSI30%-PEO70%) and (d) Nyquist plots of the three 

polymer samples.  
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Finally, the electrochemical stability window of the polymers was examined by cyclic 

voltammetry. The measurements were performed at room temperature between -0.5 V and 5 V 

(versus Li+/Li) at a scan rate of 1 mV/s. Poly(GPE-TFSI100%) was stable up to 4 V before oxidation, 

Figure 26, which was similar to its counterparts based on salt-laden PEO homopolymers.84 

Therefore, the single-ion polymer is applicable for a variety of lithium-ion cathode materials.  

 

Figure 26. Electrochemical stability window. Voltammogram obtained at 1 mV/s at r.t. 

 

In summary, a series of single-component solvent-free single-ion polymer electrolytes with 

conductive PEO-like backbones synthesized by anionic ring-opening polymerization and 

subsequent CuAAC click chemistry were prepared and discussed. The polymers showed high ionic 

conductivity compared to previously reported single-ion dry polymer electrolytes as well as high 

transference number. Therefore, one conclusion is that the ionic conductivity was affected by both 
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concentration of charge carrier and chain-flexibility. The conductivity could be efficiently tuned 

by adjusting the ratio of N3-TFSI-Li+/N3-PEO550 to maximize performance at different 

temperatures. The electrolytes also showed electrochemical stability up to 4 V (versus Li+/Li). We 

believe, from a chemical perspective, this work is of great value for designing efficient polymer 

electrolytes for lithium-metal-based battery technologies. 

 

Pseudo-Solid Bicontinuous Single-ion Electrolytes 

The future of electrochemical energy storage hinges on the development of rechargeable 

batteries that directly utilize the reactive metal as anode materials. Lithium metal anodes possess 

more than 10 times higher energy capacity than lithium-ion batteries with a graphite anode.94 

However, recharging a lithium metal battery involves the intrinsically unstable electro deposition 

of lithium. Growth of lithium dendrites, which is associated with the process, presents a major 

barrier for commercialization of lithium metal batteries, such as Li-S battery, Li-O2 battery, etc.95 

It is now recognized that the stability of electro deposition is governed by four key properties of 

an electrolyte: transference number (t+), ionic conductivity (σ), mechanical strength (G), and the 

anode surface stability.67 Current electrolytes very rarely satisfy all these criteria at the same time. 

For example, commercial small molecule liquid electrolytes have poor mechanical strength, low 

t+ (<0.3) and poor surface stability. Mechanical properties and anodic stability can be improved 

through the use of polymer electrolytes, however at the expense of lowering σ (below 1 × 10-6 

S/cm at r.t.) and with no improvement of tLi (<0.3). Finally, while the latter two parameters may 

be increased by using ceramic electrolytes, those systems are brittle with high interfacial resistance. 
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In this section, we aimed at creating hybrid electrolytes, which synergize the 

aforementioned advantages of organic/polymer and inorganic systems and “cancel out” their 

weaknesses. A templated approach was used. A porous silica template was prepared as a scaffold 

that can provide mechanical support – reverse sugar template and porous silica template. A single-

ion conductive gel polymer phase was infused into the porous inter-connected template, forming 

a pseudo-solid bicontinuous single-ion electrolyte (PSBSE). 

Monroe and Newman predicted that solid polymer electrolytes with shear modulus (G) 

around two times that of lithium metal (109 Pa) can mechanically block lithium dendrite 

formation.10 Silica has a bulk shear modulus of 30 GPa, therefore was selected as the scaffold for 

PSBSE. A sol-gel approach was used to prepare the porous silica monolith, Figure 27a. The porous 

SiO2 scaffold possess two types of pores, 1 μm (Figure 27b&c) and 10 nm (Figure 27d), with a 

surface area around 250~400 m2/g, characterized by BET analysis.  

 

Figure 27. (a) Preparation of PSBSE; (b) SEM image of silica scaffold; (c) Nano-CT image of 

micron-sized pore; (d) BET nano-sized pore distribution. 
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 Table 4. Comparison between commercial electrolye and PSBSE 

 

The internal conductive phase of PSBSE was created by free radical polymerization (FRP) 

of an infused solution of styrene-TFSI and crosslinker in EC/DEC, Figure 27a. EIS was used to 

measure the ionic conductivity and the transference number of the electrolyte. DMA was used to 

measure the apparent shear modulus, Table 4. As reported in Table 4, PSBSE had a ionic 

conductivity of 1.5 mS/cm, which is at the same level as a liquid commercial electrolyte at room 

temperature and a much more improved transference number of 0.82. More importantly, the 

electrolyte had a high apparent shear modulus of 3.5 MPa compared to the commercial electrolyte, 

which is in the form of dilute liquid.  

 

Figure 28. (a) Voltage profile of the lithium metal battery using PSBSE as electrolyte and LFP as 

cathode. (b) Capacity and Coulumbic efficiency of the first 10 cycles. 

To demonstrate that the electrolyte could be cycled in a full battery, the electrolyte was 

assembled into a 2016 coin cell case with lithium foil as anode and LFP as cathode. The cell was 

Electrolyte σ (mS/cm) t+ Modulus 

1 M LiPF6 in EC/DEC 8.0 (r.t.) 0.31 NA 

PSBSE 1.5 (r.t.) 0.82 3.5 MPa 
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run at 0.1C. Figure 28a shows the stable voltage profile during the cycling. Figure 28b shows that 

the cell had a high coulombic efficiency (CE) approaching 100% with a high specific capacity of 

around 140 mAh/g.  

In conclusion, a pseudo-solid bicontinuous single-ion electrolyte (PSBSE) made of a tough 

silica scaffold and a conductive single-ion phase gel was prepared using a template approach. The 

PSBSE had unique properties, including high ionic conductivity (1.5 mS/cm at r.t.), high 

transference number (0.82) and high mechanical strength (3.5 MPa). The electrolyte worked in a 

full LMB with LFP as cathode at high specific capacity and coulombic efficiency (CE). A broader 

perspective of this design principle of a pseudo-solid electrolyte will advance the use of functional 

polymers as electrolyte materials for the development of practical high energy density lithium 

metal batteries.   

Preparation of the porous silica monolith. In a typical procedure, 1.18 g PEO (10,000 

Da) was dissolved in 10 mL 0.01 M acetic acid. 4 mL TMOS was dropwise added and stirred in 

ice bath for 20 min. The resulted homogeneous solution was cast into a mold and allowed to 

crosslink at 40 oC for 24 h. The resulting raw monolith was transferred to 0.1 M ammonium 

solution and boiled at 120 oC for 9 h. The product was then washed with water and acetone, 

transferred to tube furnace at calcined at 600 oC for 4 h.  

Synthesis of Styrene-TFSI. The synthesis route for the potassium form of styrene-TFSI 

is described in Figure 29. In the first step, a 15 g sample of sodium p-vinylbenzenesulfonate is 

suspended in 70 mL of DMF. The suspension is cooled via ice bath and 30 mL thionyl chloride is 

added dropwise. The mixture is stirred for 24 h at 25 oC. Afterwards, the mixture was poured into 
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ice water and extracted with 100 mL of diethyl ether and dried with MgSO4. After evaporation of 

the solvent a pale viscous liquid product of the 4-styrene sulfonyl chloride was obtained (yield 

70%). In the second step, 8.1 mL of triethylamine (58.1 mmol), 2.89 g of 

triuoromethylsulfonamide (19.4 mmol) and 9% of DMAP were successively added to 30 mL of 

dry acetonitrile. The 4-styrene sulfonyl chloride solution was cooled to 0 oC. Then the mixture of 

triuoromethylsulfonamide was added slowly to this solution and kept under stirring for 16 h. 

Solvent was removed and the resulting brown solid was dissolved in 50 mL of dichloromethane. 

This solution was washed with an aqueous solution of NaHCO3 and 1M hydrochloric acid. The 

potassium form of styrene-TFSI was obtained by neutralization of the acid monomer by a molar 

excess of K2CO3 in water. The resulting suspension was stirred for one hour, filtered and dried to 

give 4.2 g of a light yellow solid. The lithium ion form was prepared by washing with LiClO4.  

 

Figure 29. Synthesis route of styrene-TFSI. 

Preparation of PSBSE. The silica monolith was immersed in a solution of styrene-TFSI 

and ethylene glycol dimethacrylate (EGDMA) (3/1) in a mixture of EC and DEC (50 wt%). 10% 

of AIBN was added and the solution was left to polymerize at 70 oC overnight. The resulted 

composite was then cut into 20 micron thin film electrolyte for use in a battery.  
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 Polymer Based Artificial SEIs  

Preface 

Although replacing organic liquid electrolytes with solid electrolytes have multiple 

advantages, that would also mean a complete paradigm shift in terms of manufacturing 

infrastructure and it is not clear how compatible this would be with existing product lines in which 

billions of dollars have already been invested in the liquid electrolyte based battery industry. 

Therefore, if traditional liquid electrolytes can be used to create safe lithium metal batteries, then 

existing manufacturing facilities can be rapidly deployed for large-scale production. 

The unsung hero for the huge success of traditional lithium ion batteries is the spontaneous 

formation of a solid-electrolyte interface (SEI) that can block the direct contact between electrons 

and organic electrolytes while providing sufficient regulation of lithium ion flux at the surface of 

graphite anode. However, the spontaneously formed SEI on a lithium metal anode is intrinsically 

unstable. This chapter aims to discuss the experimental progress made during my PhD to create a 

stable artificial SEI that inherits the benefits of natural SEI formed in lithium ion batteries. Two 

unique types of artificial SEI were developed and are discussed in this Chapter: (1) hybrid SEIs 

based on hairy nanoparticles prepared by covalently grafting polymers from functional inorganic 

NPs, and (2) a single-ion polymer SEIs with simplified structure and higher stability prepared by 

anionic ring opening polymerization. The results confirm that fabricating designed artificial SEIs 

can improve the cycling stability compared to an unprotected lithium anode.  

While I designed all the projects, I would like to acknowledge Dr. Jiajun Yan, Tong Liu, 

Jacob Flum and Liye Fu for their contribution in materials synthesis. I would like to thank Dr. 

Sarah Fisco, Leiming Hu, Han Wang and Zongyu Wang for their contribution in materials 
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characterizations and electrochemical characterizations. I would also like to thank Dr. Francesca 

Lorandi for her contribution in paper writing.  

 

A Conformal Artificial Interface Layer Based on Oxygen Vacancy-Rich Hybrids 

Nanoparticles for Stable Lithium Plating/Stripping 

Despite the huge market success of lithium ion batteries (LIB), it is economically inevitable 

to seek for a battery technology beyond LIB that has higher energy density with at least comparable 

cycling stability.1 Encouraging advancements have been made in anode, cathode and electrolyte.2-

4 Yet the fundamental part of this quest is widely recognized as enabling the use of lithium metal 

as anode, having the lowest redox potential (−3.040 V vs. the standard hydrogen electrode) and 

highest theoretical capacity (3860 mAh/g) among possible anode materials.5 In a typical LIB, a 

stable solid electrolyte interface (SEI) layer is spontaneously formed between the graphite anode 

and organic electrolyte. A stable SEI can prevent the reduction of electrolytes and facilitate the 

flux and de-solvation of lithium ions, thereby greatly increasing the cycling stability of the anode.6 

Although a lithium metal anode shares the same principle of redox chemistries as a graphite anode, 

a SEI formed over a lithium metal anode is intrinsically unstable.7 The compositional 

inhomogeneity of such SEI layer leads to poor transport of lithium ions, repeated exposure of fresh 

lithium and consequent electrolyte depletion and formation of detrimental lithium dendrites.8 As 

such, it is critical to create on a lithium metal anode a conformal SEI layer that can regulate the 

lithium ion flux on the anode surface while being mechanically robust and ionically conductive.  

Previously, two types of artificial SEI for lithium metal have been extensively explored: a 

polymer coating and an inorganic coating.8, 9 Polymer coatings could be easily made by solution 
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casting or formed in situ, and exhibit a certain extent of flexibility/flowability.10 However, typical 

polymer coatings possess low ionic conductivity (<10-5 S/cm) and poor mechanical strength, 

especially when swollen by an organic electrolyte. Moreover, due to the low transference number 

of most polymer materials,11 they are inefficient at regulating the flux of lithium ions at the 

anode/electrolyte interface. Conversely, inorganic coatings, such as SiO2, Al2O3, ZnO, etc, have 

been proposed as an alternative, because of their high shear modulus, functionality, and 

lithiophilicity.12 Nevertheless, indistinct and inconsistent coating preparation procedures limit the 

applicability of inorganic SEI. Moreover, typically brittle inorganic layers cannot withstand the 

anode volume fluctuation during lithium plating/stripping.12 Therefore, it is a compelling need to 

fabricate an inorganic/polymer hybrid SEI that combines advantages of both types of artificial SEI, 

i.e. facile preparation, high flexibility, ductility, transference number, and ionic conductivity; and 

overcomes their weakness. 

In this work, we created a class of inorganic/polymer hybrid hairy nanoparticles (NPs)  by 

covalently grafting polyacrylonitrile (PAN) from oxygen vacancy (Vo)-rich yttria stabilized 

zirconia nanoparticles (YSZ NPs) via surface-initiated atom transfer radical polymerization (SI-

ATRP), forming YSZ-g-PAN hybrids (Figure 30a) aimed at performing as effective artificial SEIs. 

PAN was chosen as the grafted polymer due to its wide electrochemical stability window, high 

ionic conductivity and good membrane forming ability.13 PAN also has low swellability in typical 

liquid electrolytes. Meanwhile, the positive surface charges of YSZ NPs can selectively trap the 

anions, reduce the ion gradient near the anode, and increase the lithium transference number while 

homogenizing the ion flux during lithium plating.14 Furthermore, we hypothesized that, compared 

to non-covalent YSZ/PAN blends, covalently grafted hairy NPs could further improve the 
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efficiency of the artificial SEI (Figure 30b&c) due to the following rational: (a) the YSZ-g-PAN 

hybrid particles would be much better dispersed in organic solvents than non-covalent blends, 

resulting in higher membrane homogeneity and higher mechanical integrity; (b) the reduced 

crystallinity caused by the homogeneous distribution of the inorganic filler and the immobilization 

of polymer chain end could further increase the ionic conductivity of the artificial SEI; (c) the 

YSZ-g-PAN based artificial SEI would promote more uniform ion transport paths, avoiding 

uneven lithium deposition typically caused by compositional inhomogeneity.  

 

Figure 30. (a) Synthetic route of YSZ-g-PAN hairy nanoparticles. (b) Non-uniform coating 

prepared from a non-covalent blend of YSZ NPs and PAN/LiClO4 leads to uneven lithium 

deposition. (c) Uniform hybrid coating using YSZ-g-PAN/LiClO4 leads to dendrite-free lithium 

deposition. (d) Transparent solution (3 wt%) of YSZ-g-PAN hairy nanoparticles with 24.6 wt% 

inorganic content dispersed in DMF (left) and opaque dispersion in DMF of non-covalent blend 

of YSZ NPs and PAN with identical composition (right). 
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The key to the creation of inorganic/polymer hairy NPs is the availability of a chemical 

process that allows for tethering of polymer chains to the inorganic components. This process is 

hampered by chains coupling that typically involves noncovalent coordination, thus being 

sensitive to minor differences in surface chemical composition and charge. As a result, it remains 

a challenge to effectively graft polymers from inorganic substrates. Recently, our group reported 

a fatty-acid derived approach to graft polymer from metals and metal oxides by surface-initiated 

atom transfer radical polymerization (SI-ATRP).15, 16 YSZ NPs are a metal oxide, and therefore 

are suitable for surface-functionalization by the fatty-acid-based tetherable ATRP initiator due to 

the abundance of surface charges caused by the yttrium doping.15 However, such initiator, 12-(2-

bromoisobutyramido)dodecanoic acid (BiBADA), contains a 2-bromoisobutyramide initiating 

group, which is far less reactive in ATRP than the acrylonitrile chain end (AN-Br).17 To overcome 

this reactivity mismatch, we designed and synthesized a new fatty-acid-like initiator, 12-(2-bromo-

2-phenylacetamido)dodecanoic acid (BPADA), that is more compatible with the growing AN-Br 

chains, Scheme 4. 2-Bromo-2-phenylacetic acid (BPAA) was first activated with N-

hydroxysuccinimide (NHS) to differentiate its reactivity from the carboxylic group of 12-

aminolauric acid. This step was followed by the amidation reaction. To immobilize ATRP 

initiators onto the surface of YSZ NPs, BPADA and YSZ NPs were sonicated together in the 

presence of triethylamine (TEA). The material obtained upon sonication could not be fully 

precipitated from tetrahydrofuran (THF), even at a rotational centrifugal force (RCF) of 4000 G, 

indicating successful anchoring of organic moieties onto the inorganic surface, thus giving an 

initiator functionalized YSZ NPs. The macroinitiator was then purified by dialysis against acetone 

to remove unanchored initiating molecules. SI-ATRP of AN was performed via initiator for 

continuous activator regeneration (ICAR) ATRP, using 50-200 ppm of a Cu catalyst.18 Upon 
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polymerization, the solution was purified by dialysis against dimethylformamide (DMF). A series 

of hybrid hairy NPs was prepared with inorganic content ranging from 3.0 wt% to 71.1 wt%, Table 

5. Figure 30d shows the different solvent dispersity of YSZ NPs with covalently grafted PAN and 

a non-covalent blend of the same composition. The left picture is a DMF solution of 3 wt% YSZ-

g-PAN with 24.6 wt% inorganic content after letting the mixture sit for 6 months. The sample 

showed a form factor of a transparent solution proving the extremely high dispersibility of such 

grafted system. In comparison, the right hand picture in Figure 30d is a just prepared opaque 

dispersion of non-covalent blend of a similar weight fraction of YSZ NPs and PAN. The uniform 

size distribution of covalently grafted hybrid nanoparticles was further confirmed by dynamic light 

scattering (DLS) analysis, as shown in Figure 31a. YSZ-g-PAN samples with different inorganic 

content all showed narrow particle distribution in DMF. Specifically, samples with inorganic 

content of 3.0 wt%, 13.5 wt%, 24.6 wt% and 71.1 wt% respectively had an average size of 265.4 

nm, 325.7 nm, 228.7 nm and 204.6 nm, Table 5. The grafted PAN chains were isolated by etching 

with HF. Polymers molecular weights (MWs) were measured by gel permeation chromatography 

(GPC). As shown in Figure 31b and Table 5, samples with inorganic content of 3.0 wt%, 13.5 wt%, 

24.6 wt% and 71.1 wt% had a MW of 100,000, 136,300, 79,410 and 18,920 respectively. These 

results proved that the size of the YSZ-g-PAN hybrids is correlated to the length of the grafted 

polymer chains. TEM images of YSZ-g-PAN with inorganic content of 13.5 wt%, Figure 34, 24.6 

wt% (Figure 31c) and 71.1 wt%, Figure 35, showed uniformly distributed YSZ NPs with little 

noticeable aggregation. In comparison, a blend of YSZ NPs (24.6 wt%) and PAN showed high 

degree of particle aggregation, Figure 36. These results prove the advantage of the covalent 

grafting-from approach that provides uniform NPs distribution in a polymer matrix.19 The YSZ-g-
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PAN hybrids showed excellent dispersibility also in dimethylsulfoxide (DMSO), which was 

subsequently used as solvent for the coating samples. 

 

Figure 31. (a) DLS traces of YSZ-g-PAN with different inorganic content, and (b) GPC traces of 

cleaved PAN chains (b). (c) TEM image of YSZ-g-PAN with 24.6 wt% inorganic content. 

The artificial SEI was prepared by drop-casting a DMSO solution containing YSZ-g-PAN 

hairy NPs and LiClO4 onto the surface of fresh lithium chips, Figure 37. Focused ion beam 

scanning electron microscope (FIB-SEM) was used to study the particle distribution of the 

artificial SEI. Figure 32a, Figure 38, Figure 39 and Figure 40 show the cross-sections of the 

artificial SEI. Uniform distributions of YSZ NPs were observed for samples prepared from YSZ-

g-PAN hairy NPs with inorganic content of 13.5 wt% (Figure 38) and 24.6 wt% (Figure 32a), 

indicating the homogeneity of the artificial SEI. In comparison, a coating made of YSZ 

NPs/PAN/LiClO4 non-covalent blends, inorganic content = 24.6 wt%, showed high extent of 

particle aggregation, Figure 39. Interestingly, the artificial SEI prepared from YSZ-g-PAN NPs 

with 71.1 wt% inorganic content showed aggregations and gyroid-phase-like morphology, Figure 

40. Tensile test of the artificial was done using dynamic mechanical analysis (DMA). Membranes 

made of YSZ-g-PAN hairy NPs (inorganic content=24.6 wt%) and LiClO4 and membranes made 
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of the non-covalent blend with the same composition were tested. As shown in Figure 32b, the 

non-covalent blend had a higher Young’s modulus (0.52 GPa), higher than that of YSZ-g-PAN 

(0.27 GPa). This is possibly due to the fact that the PAN used for the non-covalent blend was 

synthesized by initiators for continuous activator regeneration (ICAR) atom transfer radical 

polymerization (ATRP), with a very narrow molecular weight distribution (Mw/Mn=1.15).20 

However, the artificial SEI based on YSZ-g-PAN hairy NPs showed higher toughness (6.98´108 

J/m3) and failure strain (107.2%) than that of the non-covalent blend (4.53´108 J/m3 and). Such 

higher toughness can be attributed to the higher uniformity of membranes prepared from YSZ-g-

PAN hairy NPs. Electrochemical impedance spectroscopy (EIS) was used to measure the ionic 

conductivity of the membranes. Encouragingly, all YSZ-g-PAN/LiClO4 with different inorganic 

contents showed greatly improved ionic conductivity compared to pure PAN/LiClO4 or non-

covalent blend of YSZ nanowires, PAN and LiClO4 ,Figure 32c.14 Samples with inorganic content 

of 3.0 wt%, 13.5 wt%, and 24.6 wt% showed room temperature ionic conductivity of 0.29´10-4 

S/cm, 1.35´10-4 S/cm and 1.49´10-4 S/cm, respectively, suggesting that even at a relatively low 

inorganic content the ionic conductivity tends to increase with the content of YSZ NPs. However, 

at higher inorganic content (71.1 wt%), the room temperature ionic conductivity decreased to 

0.65´10-4 S/cm, which is likely because of the lower LiClO4 content led to an increased activation 

energy of ion transport. These results further prove the hypothesized superior properties of YSZ-

g-PAN hairy NPs.    
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Figure 32. (a) FIB-SEM image of cross-section of the artificial SEI formed using YSZ-g-PAN 

with inorganic content of 24.6 wt%. (b) Tensile tests of artificial SEI using YSZ-g-PAN with 

inorganic content of 24.6 wt% and artificial SEI using the non-covalent YSZ/PAN blends of the 

same composition. (c) Arrhenius plots of ionic conductivity of artificial SEI prepared from YSZ-

g-PAN hairy NPs of different inorganic content. 

 

Figure 33. (a) Optical microscope image of the surface of unprotected lithium during lithium 

deposition at a current density of 5 mA/cm2 (scale bar=100 micron). (b) Optical microscope image 

of the surface of lithium protected with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% 

inorganic content during lithium deposition at a current density of 5 mA/cm2 (scale bar=100 
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micron). (c) Symmetric cycling of protected lithium using YSZ-g-PAN hairy NPs with 24.6 wt% 

inorganic content (blue), YSZ/PAN non-covalent blend (red) and unprotected lithium anode 

(black) at a current density of 3 mA/cm2, 1 hour each half step. (d) Cell resistance measured by 

EIS during the symmetric cycling of lithium protected with artificial SEI using YSZ-g-PAN hairy 

NPs with 24.6 wt% inorganic content. (e)&(f) SEM images of bare lithium anode before and after 

cycling at 3 mA/cm2. Scale bar = 300 micron. (g)&(h) SEM images of lithium anode protected 

with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic content before and after 

cycling at 3 mA/cm2. Scale bar = 300 micron.  

Finally, three types of YSZ-g-PAN hybrid hairy NPs with inorganic content of 13.5 wt%, 

24.6 wt% and 71.1 wt% were tested as artificial SEIs. An optical microscope was used to detect 

the surface roughness of the lithium anode in order to demonstrate the effective dendrite 

suppression of the artificial SEI. A home-made visualization cell was designed for the experiment, 

Figure 41. Under a current density of 5 mA/cm2, the formation of mossy lithium dendrites on 

unprotected lithium was observed after less than 2 min, Figure 33a. In contrast, the surface of 

lithium anode coated with the artificial SEI remained smooth for over 10 minutes, indicating non-

existence of dendrite formation, Figure 33b. To demonstrate the coating benefits on lithium 

plating/stripping, symmetric cells made of two equivalent lithium anodes, with or without 

protection of artificial SEI, were assembled and run at a current density of 3 mA/cm2 with 1 hour 

for each half step. The cell with unprotected lithium started to polarize immediately and reached 

about 300 mV overpotential within 200 hours before shortage, Figure 33c. The cell with lithium 

protected with a non-covalent blend of YSZ NPs/PAN/LiClO4 (24.6 wt%) showed a reduced 

overpotential, slightly above 100 mV, and longer cycle life, indicating the effectiveness of coating 

lithium with YSZ NPs added into the polymer matrix. Finally, the lithium protected with the 
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artificial SEI made from YSZ-g-PAN hairy NPs was tested. The artificial SEI with 13.5 wt% 

inorganic content provided an initial overpotential of about 100 mV. As the cycling proceeded, the 

voltage decreased and stabilized at about 25 mV for over 350 hours, then the cell eventually 

shorted, Figure 42. With increasing the inorganic content, the symmetric cycling showed even 

longer improved cycling stability. The symmetric cell with electrodes coated with artificial SEI 

having 71.1 wt% inorganic content, lasted for over 2300 hours at 3 mA/cm2. However, the initial 

voltage showed certain degree of instability for 250~300 hours, Figure 42. This was possibly due 

to the relatively high brittleness of the membrane with such high inorganic content, as well as its 

reduced ionic conductivity. The electrodes protected with artificial SEI made of YSZ-g-PAN NPs 

with 24.6 wt% inorganic content showed the best cycling performance, lasting for over 2500 hours 

with overpotential of about 20 mV, Figure 33c. This cell also achieved the highest Coulombic 

efficiency of 99.23%, Table 6, which was measured using a well-established approach.21 The 

resistance of cells made of protected or unprotected lithium was measured by electrochemical 

impedance spectroscopy (EIS) before and after cycling for 50 hours. Compared to the cell with 

bare lithium, Figure 44, the cell with lithium protected by artificial SEI having 24.6 wt% inorganic 

content showed lower and more stable resistance both before and after cycling, Figure 33d, in 

accordance with the lower overpotential shown in Figure 33c. Scanning electron microscopy (SEM) 

was used to study the surface morphology of electrodes before and after cycling. Figure 33e and 

Figure 33f showed clear formation of lithium dendrites for lithium without protection of the 

artificial SEI. In comparison, no dendrite was observed on the  surface for lithium protected with 

artificial SEI, Figure 33g and Figure 33h, proving the efficiency of the protection by YSZ-g-PAN 

artificial SEI.  
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In conclusion, we have developed a fatty-acid-based ATRP initiator for grafting PAN from 

Vo-rich YSZ NPs with high grafting density by SI-ATRP. The as synthesized YSZ-g-PAN hairy 

NPs with different inorganic contents could be stably dispersed in organic solvents, without 

observing precipitation for several months. The immobilization of PAN chains on the surface of 

YSZ NPs greatly reduced the polymer crystallinity, thereby increasing the ionic conductivity of 

the polymer matrix, while improving its mechanical integrity and membrane-forming ability. The 

positively charged oxygen vacancy (Vo) of the YSZ NPs further reduced the ion gradient near the 

anode and increased the lithium transference number while homogenizing the ion flux during 

lithium plating. The aforementioned benefits combined with the easiness of solution drop-casting 

the SEI led to the facile creation of hybrid artificial SEIs that enabled dendrite-free lithium 

plating/stripping with Coulombic efficiency as high as 99.23%. The invention of YSZ-g-PAN 

hairy NPs enriched the field of polymer-inorganic hybrid materials and provided new perspectives 

for the rational design of dendrite-free lithium anodes. 

 

Materials and Characterizations.  

Materials Acrylonitrile (AN, Sigma-Aldrich, >99%) was purified by passing through a 

basic alumina column before use. Copper bromide (CuBr2, Aldrich, 99%), hydrofluoric acid (HF, 

Aldrich, 48%), yttria stabilized zirconia (YSZ, Aldrich, <100 nm, 100 m2/g), triethylamine (TEA, 

Alfa Aesar, 99%), azobisisobutyronitrile (AIBN, Aldrich, 98%), tris(2-dimethylaminoethyl)amine 

(Me6TREN, Alfa Aesar, 99%), N,N-dimethylformamide (DMF, VWR, 99%), dimethylsulfoxide 

(DMSO, Fisher, 99.9%), tetrahydrofuran (THF, EMD, 99.9%), anhydrous magnesium sulfate 
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(MgSO4, Fisher), α-bromophenylacetic acid (BPAA, Combi-Blocks, 98%), 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, Carbosynth, 97%), N-

hydroxysuccinimide (NHS, Sigma-Aldrich, 98%), 12-aminododecanoic acid (TCI, >99%) were 

used as received. 

Nuclear Magnetic Resonance Spectroscopy (NMR) 1H NMR spectroscopy 

measurements were performed on a Bruker Advance 300 MHz spectrometer to analyze the final 

product of BPADA synthesis in CDCl3. 

Gel Permeation Chromatography (GPC). Number-average molecular weights (Mn) and 

molecular weight distributions (MWD) of cleaved PAN chains from PAN-g-YSZ samples were 

determined byGPC. The GPC system used a Waters 515 HPLC pump and a Waters 2414 refractive 

index detector using Waters columns (Styrogel 102, 103, and 105 Å) with 10 mM LiBr-containing 

DMF as the eluent at a flow rate of 1 mL/min at 50 °C using linear poly(ethylene oxide) (PEO) 

based calibrations. Diphenylethylene and toluene were used as internal standards for the system.  

Dynamic Light Scattering (DLS). DLS using a Malvern Zetasizer Nano ZS was 

employed to determine volume-weighted average hydrodynamic radius and distribution of PAN-

g-YSZ. The particle brushes were suspended in filtered DMF (4.5 μm PTFE filter) at low 

concentrations. 

Transmission Electron Microscopy (TEM). TEM was carried out using a JEOL 2000 

EX electron microscope operated at 200 kV. The spatial distribution, radius and inter-particle 

distances of the YSZ nanoparticles were determined from statistical analysis of the TEM 

micrographs using ImageJ software.  

Tensile Tests. The YSZ-g-PAN hairy NPs and YSZ/PAN blend bulk films were tested in 

the tensile mode by using dynamic mechanical analysis (TA RSA-G2). The film thickness was 
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comprised between 30 and60 μm. The samples were stretched at a constant tensile rate of 0.001 

mm/s at room temperature.  

Thermogravimetric Analysis (TGA). TGA with TA Instruments 2950 was used to 

measure the fraction of YSZ in the hybrids. The data were analyzed with TA Universal Analysis. 

The heating procedure involved four steps: (1) temperature jump to 120 ºC; (2) hold at 120 ºC for 

10 min; (3) ramp up at a rate of 20 ºC/min to 800 ºC; (4) hold for 2 min. The organic content of 

the samples were normalized to the weight loss between 120 °C and 800 °C. The grafting densities 

were calculated using the following equation (S1): 

𝜎��� =
	(bcC���)����

C���	��
                (S1) 

The value for fYSZ in equation S1 is the inorganic fraction measured by TGA after exclusion 

of any residual solvent; NA is the Avogadro number; As is the specific surface area provided by the 

supplier; MnH5 is the number average molecular weight of polymer brushes. 

Plasma Focus Ion Beam Scanning Electron Microscopy (FIB-SEM) image collection 

and processing. The instrument used for the milling and imaging was a DualBeam Helios Plasma 

FIB-SEM (FEI Company, Hillsboro, OR). For the milling process, an ion current of 0.23 nA at 30 

kV accelerating voltage was used. The milling distance, or the distance between each slice image, 

was 4 nm. As for imaging, a through-lens detector (TLD) was used. The working distance was set 

to be 4 mm, and the electron beam current was 0.34 nA with 5 kV accelerating voltage and 3 μs 

dwell time. The total time for milling and imaging for each slice was about 3 min.  

Electrochemical Testing. For symmetric cell, two lithium chips with diameter of 10 mm 

was assembled in a 2032 coin cell with 50 µL of 1 M lithium bis(trifluoromethanesulphonyl)imide 

(LiTFSI) in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1 volume ratio) with 1wt% 

lithium nitrate (LiNO3) as an additive and Celgard 2325 as separators. The cell was cycled at a 
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current density of 3 mA/cm2 with areal capacity of 3 mAh/cm2. For measurement of Coulombic 

efficiency, the electrolyte used was 1 M lithium bis(trifluoromethanesulphonyl)imide (LiTFSI) in 

1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1/1 volume ratio) with 1 wt% lithium 

nitrate (LiNO3) as an additive. 50 µL of electrolyte were used in each coin cell to standardize the 

testing. The batteries were first cycled once between 0 V and 2 V to pretreat the electrodes (no Li 

deposition). A fixed amount of charge (QT = 2 mAh/cm2) was deposited onto the working electrode 

and then a smaller portion of the charge (Qc = 1 mAh/cm2) was used to cycle Li between working 

and counter electrodes for n cycles. The final stripping charge (QS) was stripped away up to 0.5 V. 

The average CE over n cycles can be calculated using formula (S2) 

																																																											𝐶𝐸��� =
	� ¡L �
� ¡L ¢

                      (2) 

Synthesis of BPADA. α-Bromophenylacetic acid (BPAA, 4.30 g, 20.0 mmol) and 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCl, 4.60 g, 24.0 mmol) were 

mixed in 250 mL of DCM in a 500 mL round bottom flask, followed by addition of N-

hydroxysuccinimide (NHS, 0.3 g, 2.0 mmol). The mixture was allowed to react for 30 minutes, 

then 12-aminododecanoic acid (4.31 g, 20.0 mmol) was added to the flask. The reaction was placed 

under room temperature and stirred for 17 hours. After completion, the reaction mixture was 

separated by extraction with dilute HCl solution (pH = 3, 3x) then brine (pH = 3, 3x). The filtrate 

was then dried with anhydrous MgSO4 and the organic solvent was removed under reduced 

pressure yielding 5.4 g of BPADA (65% yield). The final compound was analyzed by 1H-NMR: 

(300 MHz, Chloroform-d) δ 12.04 – 11.95 (s, 1H), 9.82 – 8.63 (s, 1H), 7.60 – 7.35 (m, 5H), 5.45 

(s, 1H), 3.42 – 3.24 (m, 2H), 2.35 (t, J = 7.5 Hz, 2H), 1.43 – 1.17 (m, 18H). 

Synthesis of YSZ-g-PAN hairy NPs. In a typical procedure, 1 g (1.0×1020 nm2) of YSZ 

were mixed with 0.342 g (0.83 mmol) of BPADA and 116 μL (0.83 mmol) of TEA and dispersed 
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in 10 mL of THF. The dispersion was sonicated overnight. Consequently, the initiator-

functionalized YSZ NPs were unable to fully precipitate from THF even at a rotational centrifugal 

force (RCF) of 4000 G, indicating successful anchoring of organic moieties onto the inorganic 

surface. The dispersion was then dialyzed against acetone in three cycles with a MWCO of 10KDa. 

The solvent was removed under vacuum. To polymerize AN from YSZ, 0.3 g of the initiator-

functionalized YSZ were dispersed in a mixture of 2.6 mL (40 mmol) AN and 3.9 mL DMSO. 55 

μL (5.0 μmol) of a 20 mg/mL CuBr2 solution in DMF were added. The solution was sonicated 

overnight to fully disperse the YSZ NPs. Then, 2.5 mg (15 μmol) of recrystallized AIBN and 4.0 

mg (15 μmol) of Me6TREN were added. The reaction was degassed by nitrogen bubbling before 

heating up to 65 °C. The reaction proceeded for a desired period. The polymerization mixture was 

then purified by dialysis against DMF in three cycles with a MWCO of 10KDa, resulting in a 

stable translucent dispersion. 

Preparation of artificial SEI on lithium chip. A DMF solution of YSZ-g-PAN hairy NPs 

was evaporated to remove solvent and re-dispersed into DMSO, in which the material still 

exhibited high dispersity. 70 �L of DMSO solution (total weight percent = 0.5 wt%) containing 

YSZ-g-PAN hairy NPs and LiClO4 ((PAN/LiClO4 = 2/1, wt/wt) were drop-casted onto the surface 

of a lithium chip (diameter = 10 mm). The solvent was left to evaporate at 50 oC in a glove box 

(both O2 and moisture < 0.5 ppm). The coated lithium chip was stored in the glove box for at least 

1 week before test.  

 

Scheme 4. Synthesis of 12-(2-bromo-2-phenylacetamido)dodecanoic acid (BPADA) 
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Table 5. YSZ-g-PAN hybrids synthesized by SI-ATRP. 

Entry Inorganic 
content 
(wt%)a,b 

Inorganic 
content 
(vol%)a,c 

Molecular 
weight 
(MW)d 

MW 
dispersityd 

Particle size 
(nm)e 

Grafting 
density 
(chain/nm2) 

1 3.0 1.36 100,000 1.59 265.3 1.95 

2 13.5 6.52 136,300 1.55 325.7 0.29 

3 24.6 12.7 79,410 1.73 228.7 0.27 

4 71.1 52.3 18,920 1.53 204.6 0.16 

a measured by TGA 

b weight percent of YSZ NPs in YSZ-g-PAN hairy NPs consisting of YSZ NPs and PAN. 

c volume percent of YSZ NPs in artificial made of YSZ-g-PAN hairy NPs and LiClO4.  

d measured by GPC with DMF as eluting phase. 

e measured by DLS  

 

Figure 34. TEM image of YSZ-g-PAN hairy NPs with inorganic content of 13.5 wt%. 
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Figure 35. TEM image of YSZ-g-PAN hairy NPs with inorganic content of 71.1 wt%. 

 

Figure 36. TEM image of non-covalent blend of 24.6 wt% YSZ NPs with PAN. 
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Figure 37. Schematics of preparation of artificial SEI by drop-casting. 

 

Figure 38. FIB-SEM image of cross-section of formed artificial SEI using YSZ-g-PAN hairy NPs 

with inorganic content of 13.5 wt%. 

 

 

Figure 39. FIB-SEM image of cross-section of formed artificial SEI using a YSZ NPs/PAN non-

covalent blend (inorganic content = 24.6 wt%). 
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Figure 40. FIB-SEM image of cross-section of formed artificial SEI using YSZ-g-PAN hairy NPs 

with inorganic content of 71.1 wt%. 

 

Figure 41. Digital picture of the set-up of home-made visualization cell. 
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Figure 42. Symmetric cycling of protected lithium using YSZ-g-PAN with 13.5 wt% inorganic 

content at a current density of 3 mA/cm2 for 1 hour each half step. 

 

Figure 43. Symmetric cycling of protected lithium using YSZ-g-PAN with 71.1 wt% inorganic 

content at a current density of 3 mA/cm2 for 1 hour each half step.  
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Figure 44. Cell resistance measured by EIS during symmetric cycling of a cell composed of 

lithium electrodes without protection of artificial SEI. 

 

Figure 45. Voltage profile for measuring the Coulombic efficiency (CE) of the electrode protected 

with artificial SEI using YSZ-g-PAN with 13.5 wt% inorganic content. 

 

Figure 46. Voltage profile for measuring the Coulombic efficiency (CE) of the electrode protected 

with artificial SEI using YSZ-g-PAN hairy NPs with 24.6 wt% inorganic content.  

 

Figure 47. Voltage profile for measuring the Coulombic efficiency (CE) of the electrode protected 

with artificial SEI using YSZ-g-PAN NPs with 71.1 wt% inorganic content.  
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Table 6. Measured Coulombic efficiency (CE) for samples protected with artificial SEI. 

Entry Inorganic 
content (wt%) 

Inorganic 
content (vol%) 

Coulombic 
efficiency 

1 13.5 6.52 98.53 

2 24.6 12.7 99.23 

3 71.1 52.3 98.55 

 

PEO-like Single-ion Polymers as Artificial SEIs for Stable Lithium Plating/Stripping 

Uneven Li plating/stripping cycles on the anode surface cause the breakdown of the 

stabilizing solid electrolyte interface (SEI), leading to further reactions of lithium with the 

electrolyte and the formation of lithium dendrites.22, 23 Once formed, these lithium dendrites 

continue to grow, causing decreased cycling efficiency and potential safety concerns from internal 

shorting and thermal runaway. Lithium dendrites are formed primarily as a consequence of 

unstable electrolyte/anode interface.23 Typical carbonate based organic electrolytes react with 

lithium metal under normal operating voltages of the battery.24, 25 These reactions lead to various 

insoluble byproducts, which will accumulate on the anode surface forming a passivating SEI.  

During cycling, the volume of lithium can change drastically due to it being a “hostless” material, 

causing the brittle SEI to crack: more electrolyte and lithium are then rapidly consumed to re-

passivate the interface.26 Continued breaking and forming of this type of SEI cause the surface to 

be non-homogenous and promote concentration gradients across the interface.27, 28 Lithium will 
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then continue to deposit in these regions with continued cycling, forming dendrites and sections 

of dead lithium.  

SEI stabilization has been one of the major areas of investigation to combat dendrite 

formation, as the source of their formation is directly addressed.  These methods include: high salt 

concentration in the electrolyte,29 additives to chemically stabilize the SEI,30 using Cs or Rb to 

electrostatically shield dendrite protrusions,28 atomic layer deposition of metal oxides such as 

alumina,31 single ion electrolytes to decrease charging across the lithium surface,19 and polymer 

interfaces.32  

Polymers are promising materials for an artificial interface as they have been shown to be 

stable against both lithium and organic electrolytes and can adapt to volume changes, unlike many 

inorganic solid interfaces that are brittle and can crack. Artificial polymeric SEIs were first 

investigated by Efimov et al. by polymerizing acetylene directly on the surface of lithium metal 

anodes, decreasing cell impedance as well as showing more stable charge and discharge cycling.33 

Cui et al. introduced dynamic bonding in the polymer through the use of poly(dimethylsiloxane) 

using boron as a transient crosslinker.34   The “solid-liquid” interface was able to give good 

interfacial contact, as well as potentially prevent dendrite formation through the local stiffening of 

the material when pressure is applied.  Polymers can also serve as a matrix for additional additives 

such as Cu3N nanoparticles.35 Nanoparticles of size less than 100 nm were added to a styrene-

butadiene rubber matrix to increase the ionic conductivity and stiffness of the interface, while the 

rubber served as an adaptive layer to maintain integrity of the film without cracking. 

Single ion polymers (SIPs) have a high transference number, meaning they will conduct 

only lithium cations due to anions being anchored to a stationary polymer backbone.  Because of 

this, SIPs can reduce concentration gradients across the electrolyte and at the electrode/electrolyte 
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interface, in turn making the stripping and plating cycles more stable thereby reducing the growth 

of dendrites.36 SIPs typically come in three general classes: anionic groups covalently bonded to 

the backbone, polymer/inorganic hybrids, and polymers with anion accepting groups.37 Anionic 

groups covalently bonded to the backbone have been the most thoroughly studied of these systems, 

with efforts including: the use of different anions such as sulfonates38, 39 and 

trifluoromethanesulfonylimide (TFSI),36, 40 different polymer architectures such as block 

copolymers41, 42 and covalently attaching said polymers to silica43, 44 or alumina45 to enhance 

mechanical properties and reduce crystallinity.  Our group has recently synthesized a single ion 

homopolymer electrolyte of poly(oligo(ethylene oxide) methacrylate lithium 

sulfonyl(trifluoromethylsulfonyl)imide) prepared through photoinduced metal free atom-transfer 

radical polymerization, resulting in a high transference number of 0.97-0.99.11 

However, only a few investigations were carried out using SIPs as an artificial SEI layer, 

rather than as the electrolyte.  Aside from the benefit of better distributing charge along the lithium 

metal interface to prevent hotspots of dendrite growth, single-ion polymers can also serve to 

mechanically prevent dendrite formation.  Archer et al. used an ionomer with transference numbers 

reaching 0.88 to create a 20-300 nm thick artificial SEI layer on the surface of lithium, which was 

able to provide stable cycling at current densities of 3 mA/cm2 and prevent dendrite formation.46 

Guo et al. developed a lithiated poly(acrylic acid) which acted as a self-adapting interface, acting 

both to distribute the concentration of anion evenly across the surface as well as to physically 

prevent dendrites through accommodating volume changes of the lithium during cycling at up to 

1 mA/cm2 current densities.47 However, most single-ion polymers were based on an ester-based 

backbone, which were electrochemically unstable against lithium. Besides, the EO (ethylene 

oxide)/Li ratio was typically low – 10/1.  While such low ratio provides the maximum of ionic 
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conductivity when used as electrolytes, higher lithium contents are needed in order to fight the 

generation of a lithium concentration gradient when used as a thin layer of artificial SEI. Therefore, 

it was of interest to create a single-ion polymer with simplified backbone PEO backbone (without 

ester groups) with a high EO/Li ratio for use as lithium protective artificial SEI. 

 

Scheme 5. Synthetic route to PEO-TFSI-Li+. 

In this work, a single ion polymer with simplified structure of PEO backbone and high 

lithium content (EO/Li = 2/1) was created for use as an artificial SEI. Synthesis of the PEO-TFSI-

Li+ is shown in Scheme 5, with detailed experimental procedures given in the supporting 

information. Synthesis began with anionic ring opening polymerization of propargyl glycidyl ether 

to form PEO-alkyne using a co-catalyst system of tetraoctylammonium bromide and 

triisobutylaluminum developed by Deffieux et al48.  The polymerization mechanism involves a 

monomer activation prior insertion into a growing “ate” complex as described in Scheme 6.49-51 A 

lithium trifluoromethanesulfonimide salt (N3-TFSI- Li+) was prepared as previously described by 

our group through condensation of 3-chloropropanesulfonyl chloride and 

trifluoromethanesulfonimide in the presence of lithium hydroxide to form Cl-TFSI- Li+, before 

being combined with lithium azide at 90°C to form the targeted salt.11 The PEO-alkyne and N3-
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TFSI- Li+ were then clicked through copper mediated azide-alkyne cycloaddition, forming the 

single ion conducting PEO-TFSI-Li+. Polymers of different molecular weights were synthesized, 

with molecular weights determined through gel permeation chromatography using a DMF mobile 

phase containing 50 mM LiBr. Molecular weights and dispersities of samples prepared are shown 

in Table 7. The complete conversion of the click reaction was confirmed by FTIR analysis with 

the disappearance of alkyne peaks, Figure 55. Polymers with molecular weights of 74,000 were 

investigated as artificial SEI prepared by drop-casting on a fresh lithium chip. 

Table 7. Properties of PEO-TFSI-Li+ synthesized, including the molecular weights and dispersity 

Sample DPa Pre-Click Mn b Đb Post Click Mna 

1 200 20000 1.83 74000 
2 150 15200 1.38 47500 
3 85 10000 1.48 37000 
4 50 6300 1.21 19700 
5 15 3000 1.08 11000 
6 10 1700 1.22 5300 

a Degree of polymerization, b Number-averaged molecular weight (Mn) and Đ (dispersity) 
measured from gel permeation chromatography (GPC) using a DMF mobile phase containing 50 
mM LiBr at 50 oC 
 

The PEO-TFSI-Li+ described here has several inherent advantages over the polymer SEI 

systems previously prepared.  Esters such as carbonates and acrylates are prone to electrochemical 

reduction against lithium metal, forming lithium alkyl carbonates (ROCO2Li) among other side 

products; lowering coulombic efficiency to values less than 80%.15 Ether linkages such as those in 

PEO are oxidatively stable at up to 4.5 V versus Li/Li+ and less prone to nucleophilic attack.52 

Because of this electrochemical stability, ethers have been investigated for use in lithium-air 

batteries. For example, a PEO-lithium triflate solid electrolyte remained stable (as well as the 
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lithium and carbon electrodes) under operating voltages.53 Secondly, PEO and TFSI based 

electrolytes have some of the highest ionic conductivities and transference numbers to date.  

Bouchet et al. synthesized a BAB triblock copolymer for lithium metal batteries, with the B blocks 

consisting of poly(styrene trifluoromethanesulfonylimide) and PEO as the A block.36  Ionic 

conductivities of 1.3´10-5 S/cm and a transference number of 0.85 were obtained, owing to the 

PEO’s ability to solvate and transport lithium ions, while the TFSI anions were only loosely 

coordinated to lithium allowing it to migrate freely.  

To coat the lithium chips, PEO-TFSI-Li+ was dissolved in DMSO at a concentration of 2 

wt%, before being drop cast onto lithium metal chips (16mm in diameter) and dried at 50°C for 24 

hours.  Two volumes were tested, 0.175 mL and 0.075 mL to determine the necessary thickness to 

ensure an even coating.  Polymer thickness after drying was determined through calculation 

(assuming an even coating across the lithium chip and a polymer density of 1.3 g/cm3) to be 

approximately 8 microns for the 0.175 mL sample, and 3.4 microns for the 0.075 mL sample.  

SEM images are shown in Figure 48, highlighting the surface morphology of bare lithium in 

addition to the 0.075 and 0.175 mL samples. As non-homogenous surface morphology is one of 

the primary causes of the formation lithium dendrites, in order to make an effective artificial 

interface it must be smoother than that of bare lithium. Both the bare lithium and 3.4 micron thick 

samples show highly irregular surfaces, with cracks common in the 3.4 micron sample.  These 

cracks and rough areas can serve as sites of concentrated lithium ions, promoting the formation of 

dendrites.  However, the surface of the 8 micron thick sample had no major cracks or holes in the 

layer, indicating that it could serve as a successful interface. A complete coating was further 

demonstrated by visualization of the cells after being exposed to air for a short period of time, as 

shown in Figure 49.  The bare lithium and 3.4 micron samples quickly turned a black or gray color, 
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indicating reaction with nitrogen forming lithium nitride; however the 8 micron sample remained 

a light orange color indicative of the presence of a polymer coating. 

 

Figure 48. SEM characterization of surface morphology of coated and uncoated lithium. (a) and 

(d) bare lithium chip. (b) and (e) 3.4 micron thick polymer coating. (c) and (f) 8 micron thick 

polymer coating. 

 

Figure 49. Lithium chips after exposure to air for 5 minutes. uncoated lithium (bottom left), 3.4 

micron SIP coating (bottom right), and 8 micron SIP coating (top middle). 
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Electrochemical tests were conducted in a symmetric Li/Li coin cell using 1 M LiPF6 in an 

electrolyte solution of 1:1 EC:DMC, with each lithium chip coated on one side with PEO-TFSI-

Li+ (MW=74,000). Cycling tests were conducted to determine interfacial stability at a current 

density of 1 mA/cm2 and 0.5 hour per plating/stripping step, Figure 50a shows the relative cycling 

performance of bare and coated cells.  In the first 20 cycles, bare lithium had highly irregular 

voltage spikes for both stripping and plating.  This behavior is indicative of unstable SEI formation, 

with spiking caused by breakdown of the SEI and consumption of electrolyte.  Figure 50b shows 

the magnified cycling data of both cells, where the bare lithium potential is a flat plateau with 

many irregularities, indicating the cell was acting as a resistor and not able to cycle effectively.  

The SIP coated sample was stable over the entire 350 hours of testing, with an overpotential of 

only 120 mV for the first 150 cycles before slowly increasing to 200 mV at 350 cycles, which is 

lower than previous reports of similar artificial SEIs at the same current density of 1 mA/cm2.47 

The magnified/individual cycles were also highly regular, with no voltage instability. Our PEO-

TFSI-Li+ polymer therefore can facilitate stable cycling at a minimal overpotential, indicating that 

the polymer is in good contact with the lithium. 
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Figure 50. (a) Symmetric cycling data at 1.0 mA/cm2 for the bare (100 cycles) and coated (350 

cycles) symmetrical lithium cells, (b) stripping and plating behavior at 45 to 50 hours.  

 

 
Figure 51. (a) Full EIS data for the coated collected after specified cycles (1 for after the first 

cycle, etc) and (b) comparison of interfacial resistance between bare and coated lithium after 

specified cycles. 
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EIS, electrical impedance spectroscopy was used on cells prepared as previously discussed 

for cycling in order to determine the effect of the polymer coating on resistance to ionic transport 

between the lithium and polymer.  Impedance was measured before cycling, and after cycling for 

25 cycles.  The coated sample showed reduced interface resistance compared to the bare lithium 

chip both before and after cycling, as shown in Figure 51. The key parameter for SIPs is the lithium 

transference number, which is defined as the fraction of mobile lithium ions among all mobile ions 

during charge/discharge.54 An ideal SIP would have a transference number approaching unity, 

meaning all charge is carried by the lithium cations. The transference number was investigated 

according to previous work.55 The transference numbers were calculated according to the equation: 

𝑡L =
£�(∆¤c£¥�¥)
£¥(∆¤c£���)

, where t+ is the transference number, ΔV is the DC voltage applied across the cell, 

I0 is the initial current following the voltage step, R0 is the charge transfer resistance for lithium 

reduction/oxidation measured by impedance spectroscopy before the voltage step, Is is the steady 

state current measured at the end of the voltage step, and Rs is the resistance for lithium 

reduction/oxidation at the end of the voltage step. The transference number of the PEO-TFSI-Li+ 

was determined to be 0.98, indicating that lithium ions were highly delocalized throughout the 

polymer layer due to the minimal interaction with the bound TFSI anion and good conductivity 

through the PEO matrix. The value of measured parameters is shown Table 8. 

 

In conclusion, a single ion polymer with high transference number, minimal overpotential, 

and low interfacial resistance has been synthesized for use as an artificial SEI layer in lithium 

metal batteries. PEO-TFSI-Li+ with a molecular weight of 74,000 was effective at stabilizing 

lithium stripping and plating cycles at a current density of 1 mA/cm2 with a minimal overpotential 
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of 120-200 mV.  This minimal increase in interfacial resistance indicates that the polymer is in 

good contact with the lithium anode and does not hamper the transport of lithium ions.  

Additionally, the high transference number of 0.98 indicates the PEO-TFSI-Li+ polymer can 

stabilize the lithium stripping and plating process, allowing for more stable and elongated use of 

lithium metal batteries. 

Materials. 3-propanesulfonic acid (98%) was purchased from Combi-Blocks.  

Trifluoromethanesulfonamide (95%) was purchased from Oakwood Chemicals.  

Tetraoctylammonium bromide (98%), propargyl glycidyl ether (90%), triisobutylaluminum, 

copper bromide (99%), L-ascorbic acid, and N,N,N’,N”,N’’’-pentamethyldiethylenetriamine 

(PMDETA, 99%) were purchased through Sigma Aldrich.  Lithium hydroxide (98%) and lithium 

azide in 40% water were ordered from Acros.  Lithium chips were purchased through MTI 

Corporation. LiPF6 in 1:1 Ethylene carbonate/dimethyl carbonate was purchased from Sigma 

Aldrich. All solvents were purchased from Fisher Scientific. 

Instrumentation. Proton nuclear magnetic resonance (NMR) measurements were 

performed on a Bruker Avance 500MHz spectrometer.  Molecular weight and dispersity were 

determined through gel permeation chromatography (GPC).  Scanning electron microscopy (SEM) 

was conducted using an FEG-SEM (FEI Quanta 600) under high vacuum with 5keV beam strength.  

The GPC uses a Waters 515 HPLC pump, a PSS gram 3000 Å and 100 Å column, Waters refractive 

index detector, and DMF (50mM LiBr) solution as the eluent phase at a 1mL/min flow rate.  

Electrochemical testing (electrochemical impedance spectroscopy and cycling) were measured 

using a Biologic VMP3 potentiostat/electrochemical impedance spectrometer. 
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Ring opening polymerization of propargyl glycidyl ether.  In a typical reaction, a 10mL 

Schlenk flask and magnetic stirrer was dried and allowed to cool under vacuum before being filled 

with nitrogen.  93 mg of tetraoctylammonium bromide (1 eq), 1 g of propargyl glycidyl ether (50 

eq) and 5.00 mL of dry toluene were added.  The solution was stirred and degassed for 20 minutes 

at room temperature, before degassing an additional 15 minutes at 0°C.  90 µL of 

triisobutylaluminum (2 eq) was added dropwise, and reaction proceeded 24 hours at room 

temperature.  For higher molecular weights, the equivalents of triisobutylaluminum would be 

increased.  The polymer was precipitated in hexane and centrifuged at 3000 rpm for 10 minutes, 

then dried under vacuum to give PEO-alkyne with ~70% yield.  1H NMR (500MHz, CDCl3): δ 

(ppm) = 2.49 (1H, s, CH2CH), 3.60 (1H, q, OCH(CH2)2), 3.66 (4H, d, OCH2CH), 4.19 (2H, d, 

OCH2CH3). 

 

Scheme 6. Polymerization mechanism involving monomer activation prior to insertion into the 

growing “ate” complex. 
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Figure 52. 1H NMR spectrum of PEO-alkyne (CDCl3). 

Synthesis of lithium 3-chloropropanesulfonyltrifluoromethanesulfonylimide (Cl-

TFSI-Li+).  In a typical reaction, 6.736 g of trifluoromethanesulfonamide (1 eq) and 3.792 g of 

lithium hydroxide (2 eq) were dissolved in 45 mL of acetonitrile in a 100 mL round bottom flask 

fitted with a stir bar.  The solution was purged with nitrogen for 1.5 hours then cooled to 0°C on 

ice.  8.0 g of 3-chloropropanesulfonyl chloride (1 eq) was added dropwise over 2 hours, then 

allowed to stir at room temperature for 24 hours.  The solution was centrifuged to remove any 

solids, then dried under vacuum to give a pale orange viscous liquid.  The material was 

recrystallized in dichloromethane to give a white solid with ~80% yield. 1H NMR (500MHz, 

d6DMSO): δ (ppm) = 2.10 (2H, quint, ClCH2CH2), 3.08 (2H, t, CH2CH2S(=O)2N), 3.74 (2H, t, 

ClCH2CH2) 
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Figure 53. 1H NMR spectrum of 3-chloropropanesulfonyltrifluoromethanesulfonylimide (Cl-

TFSI-Li+). 

Synthesis of lithium-3azidopropanesulfonyltrifluoromethanesulfonylimide (N3-TFSI-

Li+). 183 mg lithium azide ( 1.2eq) and 920 mg of Cl-TFSI-Li+ (1eq) were dissolved in 5mL of 

DMF in a 25 mL round bottom flask.  The solution was purged with nitrogen before being heated 

at 90°C for 24 hours.  The salt was removed by centrifuge, and the remaining solution was used 

directly in the click chemistry reaction. 1H NMR (500MHz, d6DMSO): δ (ppm) = 1.91 (2H, quint, 

N3CH2CH2), 3.02 (2H, t, CH2CH2S(=O)2N), 3.45 (2H, t, N3CH2CH2) 

 

Figure 54. 1H NMR spectrum of 3-azidopropanesulfonyltrifluoromethanesulfonylimide (N3-TFSI-

Li+). 
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Click reaction to form PEO-TFSI-Li+.  In a typical reaction, 250 mg of PEO-alkyne (1 

eq), 943 mg of N3-TFSI-Li+ (1.4 eq), 15 mg of copper (II) bromide (0.03 eq), and 39 mg of 

PMDETA (.1 eq) were combined in 8mL DMF in a 25 mL round bottom flask and purged with 

nitrogen.  A deoxygenated solution of 79 mg of ascorbic acid (0.2 eq) in 250 µL of DMSO was 

added under nitrogen.  The solution was stirred for 72 hours before precipitation by addition to 

DCM and dried under vacuum.  

 

Figure 55. FTIR spectra of polymer before and after click reaction. 

Cell preparation and testing. PEO-TFSI-Li+ was dissolved in DMSO at a concentration 

of 2% by weight.  The solution was drop cast in an argon atmosphere, in either 0.175 mL or 0.075 

mL amounts, and allowed to dry at 50°C for 24 hours.  The coated lithium electrodes were 

assembled into 2032 coin cells in an argon glovebox, using a hopper spring and 1mm spacer.  The 

separator was 25µm Celguard.  Cases were crimped in an MSK-110 hydraulic crimping machine 

to 750psi.  Symmetrical cycling was performed at a current density of ±1.0 mA/cm2, with each 

plating/stripping segment lasting 30 minutes.  EIS data was collected between 800kHz and 1Hz 

with a 50mV sinusoidal voltage perturbation. 
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SEM Sample Preparation.  PEO-TFSI-Li+ in DMSO drop cast onto a lithium chips and 

dried as with other cells.  Samples were sputter coated with 2nm of gold before being put into a 

microscope.  A beam strength of 5keV was used in order to ensure the polymer coating was not 

damaged while imaging.   

Measurement of Transference Number.  Lithium ion transference number of the PEO-

TFSI-Li+ with MW 74,000 was obtained by using AC impedance and DC polarization 

measurements in a symmetric lithium cell with one lithium electrode coated with polymer and the 

other bare.  A DC potential of 50 mV was applied to the cell, and current was measured until 

stabilized.  The cell resistance was also measured using AC impedance in a frequency range of 

0.01 to 106 Hz with an oscillation potential of 20mV to measure interfacial resistance. Tests were 

run at 60 oC. 

𝑡L =
𝐼X(∆𝑉 − 𝐼/𝑅/)
𝐼/(∆𝑉 − 𝐼X𝑅X) 

The transference numbers were calculated according to the above equation where t+ is the 

transference number, ΔV is the DC voltage applied across the cell, I0 is the initial current following 

the voltage step, R0 is the charge transfer resistance for lithium reduction/oxidation measured by 

impedance spectroscopy before the voltage step, Is is the steady state current measured at the end 

of the voltage step, and Rs is the resistance for lithium reduction/oxidation at the end of the voltage 

step. 

Table 8. Measured parameters for calculation of transference number of PEO-TFSI-Li+. 

 

 

I0(μA) Is(μA) R0(KΩ) Rf(KΩ) ΔV(mV) t+ 

9.14 9.01 42.91 5.0543.60 50 0.98 
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 A Semiliquid Composite Lithium Anode  

Preface 

As mentioned in Chapter 1, one hindrance to the future of ceramic electrolytes is their 

interfacial instability. Garnet type electrolytes have recently emerged to be the most promising 

choice of electrolytes for solid state ceramic lithium metal batteries due to their electrochemical 

stability. However, poor surface contact with electrodes due to surface roughness remains a 

problem.  

To tackle this problem, I set out to transform the solid/solid interface in a garnet/lithium 

interface to a solid/liquid interface by ”lyquefying” the lithium metal. I designed the entire project 

and would like to especially thank Han Wang for his contribution in this work, which resulted in 

publication in a Cell sister journal Joule: Sipei Li, Han Wang, Julia Cuthbert, Tong Liu, Jay F. 
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1646. I would like to thank Han Wang, Tong Liu and Julia Cuthbert for contribution in paper 

writing and materials preparation, characterization.  
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States, for the purchase of the microCT scanner. Financial support from the NSF (DMR 1501324), 

United States, is gratefully acknowledged. I would also like to acknowledge use of the Materials 
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Introduction 

Typical lithium metal based batteries are made of combustible organic liquid based 

electrolytes and a plain lithium foil.1-3 The lack of chemical stability of this type of electrolyte 

against the reactive lithium metal and the dramatic volume change of the metal electrode during 
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plating/stripping leads to uneven lithium deposition at the interface, which results in dendrite 

formation. Such dendrite issues can eventually lead to internal shorting which in turn causes 

thermal runaway and ultimately severe safety issues.4, 5  

One solution to address these problems, is to replace organic liquid electrolytes with solid 

ceramic electrolytes that are highly conductive, non-combustible and mechanically tough enough 

to block penetration of dendrites.6 However, the interface between lithium and solid electrolytes 

is known to suffer due to insufficient contact and subsequent high interfacial resistance.7, 8 As a 

result, most solid-state batteries cannot run at high or even practically usable current densities.9 

Several novel approaches have been proposed, such as creating a 3D interconnected anolyte layer 

as a lithium metal matrix,10 employing polymer/ceramic hybrid electrolytes, introducing new and 

more robust and stable interfaces,11-22 or infiltrating polymer into a porous lithium metal based 

composite with high electrochemical contact surface.23, 24 Despite some of these promising results, 

further efforts are still needed to increase lithium loading, reduce the complexity of materials 

processing, and enhance electrochemical performance while stymieing the formation of 

destructive dendrites 

On the other hand, molten alkali metal electrodes paired with solid electrolytes have been 

previously proposed as a promising technique for grid-scale energy storage.24-30 Such a cell design 

has a liquid/solid interface, that is similar to typical liquid electrolyte-based batteries. Therefore, 

the interfacial resistance is dramatically lower compared to that of solid/solid interface in a typical 

solid-state battery.25 However, the high operating temperature (250~700 oC) required for such an 

interface raises concerns about increased rate of corrosion, limited choice of electrolytes, and thus 

prevents this technique from being used for portable or mobile applications.25  
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Here, a novel class of a semiliquid lithium metal anode (SLMA) based on homogeneous 

colloidal dispersion of lithium microparticles in a dual-conductive (electronically and ionically) 

polymer/carbon composite matrix is disclosed and discussed. The SLMA showed liquid-like 

rheological properties under 25% shear strain even at room temperature. The lithium content of 

SLMA can reach values as high as 40 vol% with a theoretical volumetric energy density of 800 

mAh/mL and a specific capacity of 810 mAh/g. Initially the plating/stripping behavior of the 

SLMA with a garnet-type ceramic electrolyte separator Li6.4La3Zr1.4Ta0.6O12 (LLZTO) was 

investigated.31-34 The liquid form of the SLMA ensured sufficient contact at the anode/electrolyte 

interface and a low interfacial resistance. Owing to the dual-conductive medium and the much 

higher surface area of the lithium microparticles as compared to flat lithium foil, the redox process 

during charge/discharge takes place within the entire volume of the electrode. As such, it strongly 

reduces the local current density during lithium plating/stripping. At the elevated temperature of 

65 oC, the SLMA showed stable lithium deposition behavior at the current density of 1 mA/cm2 

and areal capacity of 1 mAh/cm2 with overpotential below 150 mV and almost perfectly planar 

voltage profile for nearly 400 hours.     
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Results and discussion 

 

Figure 56. (a) Preparation of SLMA. Lithium foil and LiTFSI were added into a glass vial 

containing mPEG at 200 oC. The formed emulsion was then redispersed into THF and carbon black 

was added. After sonication and drying, the SLMA was formed at room temperature. (b) 

Transformation of lithium particle size during a process of chemical etching and emulsification. 

(c) SEM image of the formed lithium microparticle dispersed in mPEG (no carbon black added). 

(d) Micro-CT image showing the internal structure of formed lithium microparticle buried in 

mPEG (no carbon black added). (e) Distribution of granular thickness of the lithium microparticles 

dispersed in the polymer matrix.    
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The SLMA was prepared via a top-down process that involves concurrent emulsification 

and chemical etching in the presence of a reactive surfactant. The preparation is illustrated in 

Figure 56. Specifically, lithium chips were added to poly(ethylene glycol) monomethyl ether 

(MW=750, mPEG) containing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

(EO/Li=10/1);. The mixture was heated to 200 oC. At this temperature, the hydroxyl groups from 

the mPEG quickly react with the lithium metal and the lithium foil was reduced to smaller lithium 

particles distributed in the polymer matrix. As such, the mPEG acts as a molecular reactive 

surfactant that facilitates a decrease of lithium particle size to generate lithium microparticles with 

rather uniform distribution (Figure 56b). In the presence of LiTFSI that helps to stablize the 

emulsion, a grey emulsion was formed within 5 min of continued mechanical agitation. A colloidal 

dispersion was formed after the emulsion cooled down. As shown in the SEM image of the as 

formed colloidal dispersion, Figure 56c, microparticles were evenly dispersed in a polymer 

medium. Micro-CT was used to visualize the particle distribution in the colloidal dispersion, 

Figure 56d & e. A dominant distribution of particle size around 10 ~ 60 μm was observed inside 

the composite. Noticeably, the role of monofunctional hydroxyl groups was crucial as both a,w-

dimethoxy PEG and a,w-dihydroxy PEG cannot form uniform dispersions. Figure 60 shows the 

in situ micro-CT image of the formed particles in a a,w-dimethoxy PEG (MW = 250). Due to 

absence of hydroxyl groups (reactive surfactant), the lithium foil cannot be converted to smaller 

particles via reaction with hydroxy groups and stabilized by PEG ligands. As such, mere 

mechanical agitation without chemical etching could not generate uniform/small particle 

distribution, resulting in a size of lithium particle ca. 100~600 μm. Figure 61 shows the particle 

distribution in a a,w-dihydroxy PEG (MW =250). Due to the presence of hydroxyl groups in the 

polymer, the lithium foil was reduced to smaller particles at an even faster rate than in the case of 
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mPEG. However, as both of the formed lithiated –O-Li+ end groups can stabilize the formed 

particles via ionic interaction at the surface of the particle, the generated +Li-O–PEG–O-Li+ served 

as an ionic cross-linker and greatly increased the viscosity of the matrix. In about 2 min, the 

mixture started to gelate and became difficult to stir. As a result, the particles formed can reach 

400 μm in diameter. The influence of chain-end functionality of the PEG on the final particle 

distribution is illustrated in Scheme 7. Besides, the stoichiometry and the agitation time also affect 

the resulted particle size. With the amount of 16 vol% lithium in the polymer matrix and an 

elongated agitation time (5 h), sub-micron lithium particles were formed as shown in Figure 62.    

 
Figure 57. (a) A batch of 15 g of SLMA. (b) Demonstration of the liquid form of the SLMA at 

120 oC. (c) Storage modulus (G′), loss modulus (G″) and complex viscosity (η) measured at 

different temperature at 1 Hz and 25% shear strain. (d) Storage modulus (G′), loss modulus (G″) 

and complex viscosity (η) measured at different frequency with shear strain (g) of 10% and 25% 

at 120 oC. 

In addition to the selection of the appropriate polymer, the use of a lithium salt is also 

critical. Figure 63 shows a mixture formed without the addition of LiTFSI in mPEG. The formed 

mixture with a lithium content of 25 vol% exhibited a yellowish solid form. To break any possible 

aggregation of lithium microparticles in the PEG/LiTFSI medium, anhydrous THF was added and 

the suspension was treated with sonication overnight under argon atmosphere. We also found that 

sonication helped to improve the surface purity of the lithium particles as the suspension showed 
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typical metallic luster after sonication, Figure 64. To create a dual (ionic/electronic) conducting 

medium, 3 wt% of carbon black was added into the suspension and stirred for several hours. THF 

was then removed by purging with argon flow and the mixture was further dried under vacuum 

overnight to form the final product SLMA. The synthesis is simple and can readily be scaled up to 

larger scale. Figure 57a shows a batch of SLMA of 15 grams. Figure 57b shows that the SLMA 

exhibited liquid behavior and was poured out from the vial at 120 oC. The rheological properties 

of the SLMA was further studied by dynamic mechanical analysis (DMA), Figure 57c & d and 

Figure 65. Figure 57c shows the temperature response (25 oC to 150 oC) of storage modulus (G′), 

loss modulus (G″) and viscosity (η) at 25% shear strain (γ) and frequency of 1 Hz. At this strain 

rate, the SLMA showed a liquid response throughout the entire temperature range. Figure 57d 

shows the frequency response (0.01 Hz to 10 Hz) at the shear strain of 10% and 25% at 120 oC. 

At 10% shear strain, the SLMA showed solid-to-liquid transition at the frequency of ~0.2 Hz. At 

25% shear strain, the SLMA showed a liquid response throughout the entire frequency sweep. The 

complex shear modulus decreased with the increase of frequency, which indicates a typical non-

Newtonian shear-thinning behavior. 

The garnet-type lithium-ion conductor is promising due to its high ionic conductivity and 

broad electrochemical stability window, however, creating a conformally stabile interface between 

a lithium metal based electrode and solid state electrolyte has been historically difficult.31-41 To 

demonstrate the advantage of the SLMA when paired with solid electrolytes, a cell configuration 

with cubic-phase Li6.4La3Zr1.4Ta0.6O12 (LLZTO) middle layer was assembled and compared with 

symmetric cell using conventional lithium foil as electrodes. The LLZTO pellets were prepared by 

a two-step pressing/sintering process without extra surface treatment. The pellet had a thickness 

of approximately 350 μm and a diameter of 13 mm (Figure 66). The phase content of the electrolyte 
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pellet was confirmed by XRD to be 100% expected cubic structure, Figure 67. The ionic 

conductivity of the LLZTO pellet was confirmed by EIS measurement with two sides sputter-

coated with copper (Figure 68). The configuration of the symmetric cell is illustrated in Figure 58a 

& b. In a conventional Li foil/LLZTO/Li foil symmetric cell, due to the high surface roughness of 

both the lithium metal and the LLZTO, a continuous uniform contact was not possible, resulting 

in a severely uneven distribution of local current density. In comparison, due to the flowable nature 

of the SLMA, the contact between electrode and electrolyte is much more uniform and continuous.   

 
Figure 58. Schematic illustration of (a): a Li foil/LLZTO/Li foil symmetric cell with poor interface 

contact and (b): a SLMA/LLZTO/SLMA symmetric cell with improved interface contact. (c): 

Symmetric cycling of SLMA/LLZTO/SLMA at 1 mA/cm2 and Li foil/LLZTO/Li foil at 0.1 to 0.2 

mA/cm2 at 65 oC. Half cycle time = 1 h. (d) Zoom in voltage profile of the last 100 h of the 

symmtric cycling of SLMA/LLZTO/SLMA at 1 mA/cm2. 

 
To demonstrate the cycling ability of the SLMA, SLMA/LLZTO/SLMA cell was cycled 

at 0.5 mA/cm2 (half cycle time = 1 h) at 65 oC for 150 h. The initial voltage overpotential during 
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formation cycle was 340 mV and the relatively higher overpotential could be due to the formation 

of a SEI and stable interfacial contact. Then the overpotential gradually decreased to and stabilized 

below 50 mV Figure 69. This indicates that an improved and stabilized interface contact formed 

between the SLMA and the garnet electrolyte, which is also confirmed by EIS in Figure 70. As 

suggested by the EIS, after first couple of formation cycles, the semicircle at high and middle 

frequency overlaps, suggesting the interfacial resistance is reduced and stabilized. After the 

stabilizing formation cycle, the SLMA showed stable voltage profile with almost no hysteresis, 

which is not short-circuiting in the cell as suggested by the EIS data with semicircle features. In 

comparison, a Li foil/LLZTO/Li foil symmetric cell was also assembled in the same fixture and 

was run at 0.1 mA/cm2 (1 h charge/discharge). Even at this low current density, the initial voltage 

was as high as over 300 mV at 65 oC and gradually polarized over time. When the current density 

increased to 0.2 mA/cm2 after 14 h, the voltage jumped to over 1000 mV and then quickly shorted, 

Figure 58c. This indicates that the SLMA system does show dramatic improvement on interfacial 

stability with solid electrolytes compared to typical lithium anode in a flat metal foil form. Given 

the cycling performance and the thermal stability of the polymer, 65 oC is a stable temperature for 

SLMA. Furthermore, a symmetric cycling at higher current density was also performed at 1.0 

mA/cm2 (half cycle time = 1 h) at 65 oC. The cycling was performed with 25 cycles of precycling 

at 0.5 mA/cm2.  
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Figure 59. (a) EIS of Li foil/LLZTO/Li foil and EIS of SLMA/LLZTO/SLMA cell before and 

after cycling. (b) Size distribution of Li MPs dispersed in the polymer medium before and after 

stripping 9.7 mAh from a thick electrode containing 16.2 mAh of capacity. (c) SEM image of the 

isolated microparticle before cycling. (d) SEM image of the isolated microparticle after cycling at 

1 mA/cm2. 

The SLMA showed ideally stable plating/stripping voltage of ~150 mV without any 

hysteresis over the long-term cycling, Figure 58c. The inset in Figure 58c also showed an enlarged 

voltage profile as a function of time. During the cycling, EIS was performed in order to understand 

the impact of interfacial resistance on the lithium plating/stripping process. For the Li 

foil/LLZTO/Li foil symmetric cycling, the high overpotential was confirmed by EIS. Although, 

for the SLMA/LLZTO/SLMA cell, differentiating the interfacial resistance in between three 

phases (PEO/LiTFSI polymer, Li particle and LLZTO phases) and LLZTO feature in the 

semicircle at high and middle range frequency is difficult, the diameter of the semicircle is related 

to the total interfacial resistance of the system. The EIS of Li foil/LLZTO/Li before cycling at 0.1 

mA/cm2 shows a large semicircle and the size of the semicircle increases after cycling at 0.1 

mA/cm2 for 14 h, which could be due to the formation of a destabilized electrode/electrolyte 

interface, Figure 59a. Whereas, for the SLMA/LLZTO/SLMA cell, before cycling at 1 mA/cm2 

(measured after precycling), the semicircle is one order of magnitude lower than of Li 



 150 

foil/LLZTO/Li. After 20 h of cycling at 1 mA/cm2, the impedance remained at the same level, 

which may suggest a stable interfacial contact, inset of Figure 59a.  Due to the dual-conductive 

medium, the lithium ions are removed from the surface of the microparticles during stripping and 

are redeposited back to the original microparticles during plating. As a result, the lithium 

microparticles continue to behave in a “breathing” mode during plating/stripping and the volume 

change of the electrode can be largely mitigated. Such behavior is also confirmed by the 

morphology change observed by SEM. In order to further examine the particle “breathing” during 

cycling, we conducted a deep stripping experiment using a thick electrode with 16.2 mAh total 

capacity and stripped 9.7 mAh of lithium from one side to the other side, this is equal to ~60% of 

the lithium content of the electrode. The cell was then disassembled and the SLMA samples before 

and after stripping were characterized by micro-CT. The particle distributions are shown in Figure 

59b and show that after stripping, the percent of smaller particles, with a size lower than 20 micron, 

decreased whereas the percent of particles larger than 30 microns after stripping increased. The 

median particle size of the stripped side increased from 27.6 micron to 34 micron. This observation 

indicates that during the breathing mode, lithium was preferentially stripped from smaller particles. 

As the lithium particle with higher surface area (larger particles) should have a better chance for 

the lithium to be plated, the amount of smaller particles should gradually decrease and even 

disappear after long cycling. Figure 59c shows an isolated lithium microparticles before cycling, 

which showed a smooth surface. After 20 hours of cycling at 1 mA/cm2, a layer of lithium was 

observed to be coated on particles, Figure 59d. Such 3D re-construction of the electrode together 

with the continuous interfacial contact explains extremely stable lithium plating/stripping behavior, 

as shown in Figure 58c & d. In order to achieve further improvement of cycling, one future 

direction will be to create a SLMA with improved particle distribution.  
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In Figure 72a, we compared the cycling capacities and current densities of the Li metal-

based anodes based from surface-modified garnet type solid-state electrolytes and lithium 

anodes.10, 35-43 Due to the poor contact and the dramatic volume change at the anode–electrolyte 

interface during cycling, the previously reported solid-state Li anodes with ceramic electrolytes 

were mostly limited to low capacities per cycle (<0.5 mAh/cm2) and small current densities (<0.2 

mA/cm2). Our work showed dramatically improved areal capacity and current density as compared 

to some of the most representative previous systems that operate below the melting point of lithium 

metal. Also, we compared cumulative capacity cycled of the cells in terms of mAh/cm2 in these 

systems. Our work showed much longer cycling life-span, Figure 72b. This comparison suggests 

that for systems with the SLMA as an anode, no surface-modification is needed for the solid 

electrolyte, which greatly simplifies the preparation of solid state electrolytes and also decreases 

the preparation cost.  One critical measure of practicability is the percentage of the capacity that is 

cyclable. Table 9 compares the “depth” of cycling in this work to previous reports that use either 

garnet type electrolytes or commercial liquid electrolytes. In a practical cell, the capacity of anode 

and cathode should be balanced, meaning that typically >40% of the lithium in an anode should 

be accessed. A full cell with SLMA under practical conditions with deeper cycling of the anode 

will be explored in a future.      

 
Conclusion 

We have demonstrated a completely novel approach for large-scale preparation of lithium 

metal/polymer composite electrodes (SLMA). This new class of electrode materials exhibited 

liquid-like behavior that is similar to molten state lithium metal but can operate at a much lower 

temperature of 65 oC. The material preparation is based on emulsification using a reactive polymer 

surfactant, which results in a stable colloidal dispersion of uniform lithium microparticles in a 
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polymer matrix. With up to 40 vol% lithium content, the SLMA has a volumetric capacity of 800 

mAh/mL. When integrated with a garnet-type electrolyte in a symmetric cycling fixture, the cell 

showed extremely stable voltage profile with ~150 mV overpotential and almost no hysteresis at 

1 mA/cm2 with 1 h half cycle time at 65 oC for nearly 400 hours. Such a stable voltage profile is 

due to several unique factors of the SLMA: 1) the reversed liquid/solid (electrode/electrolyte) 

interface provided very good contact; 2) electron/ion charge transfer that occurred evenly across 

the entire 3D structure of the dual-conductive medium; 3) the adaptable polymeric medium greatly 

mitigated the local volume change during lithium plating/stripping; 4) the SLMA provided 

enhanced electrochemical stability against solid electrolytes.  

The methodology presented in this study could be further extended to other metal-based 

rechargeable battery systems, such as sodium metal batteries, potassium metal batteries, etc. Due 

to the high electrochemical stability of the SLMA, the system could be applied to many solid 

electrolytes without extra surface treatment. As a result, the production cost could be greatly 

reduced. The methodology may also have larger impact on practical applications such as next-

generation electric vehicles that require a capacity of 500 Wh/Kg and wearable devices which 

require high flexibility of the electrode materials. The simplicity of material preparation procedure 

may potentially be suitable for large-scale production and may have bridged the gap between 

portable devices that use lithium ion batteries and grid-scale energy storage that uses molten metal 

batteries. 

 
Experimental section and supporting information 

Preparation of semiliquid lithium metal anode (SLMA). The fabrication process was 

carried out in an argon-filled glove box with sub-ppm (parts per million) O2 and H2O levels. In a 

typical procedure, 7.0 g of a-methoxy-w-hydroxy poly(ethylene glycol) (MW=750, mPEG) was 
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mixed with 4.56 g of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in a 50 mL round 

bottom flask equipped with a stirring bar and then heated at 200 oC to form a transparent liquid. 

3.24 g of lithium metal was cut into small pieces (average size ~ 1 cm) and added to the 

mPEG/LiTFSI mixture. The mixture was stirred at 1000 rpm on a heated stirring plate. The size 

of the lithium chips was reduced to sub millimeter particles after the first 2 min, after reacting with 

the hydroxy groups present on the mPEG. Within 5 min, a grey homogeneous emulsion was 

formed. The mixture was stirred for another 10 min. Then the mixture was cooled down to room 

temperature and 20 mL of anhydrous THF was added into the flask. 444 mg of carbon black was 

then added to the suspension which was placed in a sonication bath for overnight. Afterwards, the 

suspension was heated at 90 oC to evaporate the THF. After overnight drying under vacuum, a 

black liquid-like metal/polymer colloidal composite was formed as the final product.  

Preparation of LLZTO solid electrolytes. Ta-doped LLZO (LLZTO) powder was 

purchased from MSE Supplies LLC. The LLZOT powder was kept in an argon-filled glovebox.  

LLZTO powder was cold-pressed into a 13 mm die and transferred to a tube furnace. The cold-

pressed LLZTO pellet was then sintered at 1050 oC for 10 h with 10 oC/min heating and cooling 

rate under dry flow air. After sintering, the LLZTO pellet was immediately transferred into a 

glovebox for further use.  

Assembly of the coin cell and electrochemical tests. 2032-type coin cells (MTI) were 

assembled to study the electrochemical performance of SLMA. The set-up of the coin cell is shown 

in Figure 58. First, a stacked PTFE O-rings with 0.25 mm thickness and 8 mm inner diameter were 

placed on both sides of the LLZTO pellet. Then, the open space inside the PTFE O-ring was filled 

with SLMA on both sides, followed by the spacer and a wave spring which were finally pressed 

to the coin cell. Then the coin cell was transferred to an oven at 65 oC. All the electrochemical 
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tests, including symmetric cycling and EIS, were performed at 65 oC and were conducted utilizing 

a Bio Logic VMP3 Multi-Channel Potential/Electrochemical Impedance Spectrometer. The 

symmetric cycling of SLMA was carried out with charge and discharge time of 1 hour without rest 

between the steps. For EIS test of the coin cell, measurements were taken after the coin cell was 

rested for 3 h. The data were collected between 600 kHz and 10 mHz by applying a 10 mV 

sinusoidal voltage perturbation. 

Materials and characterizations. Poly(ethylene glycol) monomethyl ether (mPEG, 

MW=750 and MW=350), dihydroxy oligomeric ethylene glycol (dihydroxy PEG, MW=200), 

dimethoxy oligomeric ethylene glycol (dimethoxy PEG, MW=250), anhydrous tetrahydrofuan 

(THF) (>99.9%) were purchased from Sigma-Aldrich. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) (>98%) was purchased from TCI America. Lithium 

chips (99.9%) and garnet type LLZTO powder were purchased from MTI corporation. SUPER 

P™ carbon blacks were purchased from MatWeb. X-ray diffraction (XRD) patterns of commercial 

LLZTO powder and LLZTO pellet were characterized on a PANalytical X’pert diffractometer 

with a Cu Ka radiation with scan range from 8－70o 2𝜃. The Scanning Electron Microscopy (SEM) 

was performed on Philips XL30. Mechanical properties were assessed using an Anton Paar MCR-

302 Rheometer fitted with a parallel plate tool with diameter D = 25 mm. The samples were 

subjected to periodic torsional shearing between two the parallel plates. The frequency sweeps 

were carried out at 120°C at a constant applied shear strain of 0.1% (γ) over a frequency range 

0.001~100 Hz. 3D distribution of lithium mircoparticles in the polymeric medium were analyzed 

by microcomputed tomography (microCT) imaging using a Scanco µCT 50 (Scanco 

Medical, Brüttisellen, Switzerland) ex vivo microCT scanner with a 6.8 µm voxel resolution, 

45KVp beam energy, 133 µA intensity, 0.36 degrees rotation step (180 degrees angular range) and 



 155 

an exposure of 800ms per view. Specimens were packed in standardized plastic holders provided 

by the manufacturer by dripping molten state composite at elevated temperature. 3D volumes were 

generated automatically from raw files and calibrated using the Scanco software. microCT 3D 

morphometry and densitometry (DECwindows Motif 1.6, Scanco Medical) software was used for 

viewing and quantitative evaluation of images, as well as generation of 3D renderings of scanned 

specimen volumes. Particle diameter distribution within the measured sample were 

evaluated, calculated in 3D mode by the morphometry package of the software and after 

segmentation of lithium microparticles from the rest polymeric denser phase using a 196 grayscale 

value. 

 

 

Figure 60. Micro-CT image showing the internal size distribution of lithium particles generated 

in a dimethoxy PEG medium.  
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Figure 61. Micro-CT image showing the internal size distribution of lithium particles generated 

in a dihydroxy PEG medium. 

 

 

Scheme 7. Illustration of mechanism of particle formation at 200 oC with PEG with different chain 

end functionalities.  
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Figure 62. TEM image of sub-micron lithium metal particles formed with 16 vol% feed amount 

and elongated agitation time (5 h). 

 

Figure 63. Lithium/mPEG composite prepared without the addition of LiTFSI. 

V(Li)/V(PEO)=1/3. The sampled showed low homogeneity and a solid-like form.  
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Figure 64. (a) Lithium microparticles/polymer composite redispersed in THF before sonication. 

(b) Lithium microparticles/polymer composite redispersed in THF after sonicating, showing a 

metallic luster under light. 

 

Figure 65. Rheological property of SLMA. Storage modulus (G’), loss modulus (G’’) and 

complex viscosity at different shear strain at 120 oC and 1 Hz. 
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Figure 66. SEM of (a) surface of LLZTO pellet, (b) zoom-in image of surface LLZTO pellet, (c) 

cross-section image of LLZTO pellet and (d) zoom-in image of cross-section of LLZTO pellet.  
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Figure 67. XRD pattern of purchased LLZTO powder and sintered LLZTO pellet.  

 
Figure 68. EIS of LLZTO with two sides sputter-coated with Copper measured at 65 oC.  (Pellet 

thickness: 500 micron) R and CPE refer to the resistance and constant phase element, respectively. 

The subscripts “uncomp”, “geo”, “bulk”, “gb”, and “int”, represent uncompensated, geometric 

dimensions, bulk, grain boundary, and interfacial phenomena related to surface roughness and the 
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nonideality of the copper electrodes, respectively. Ma refers to anomalous mass diffusion. The 

ionic conductivity was estimated to be 0.8 mS/cm according to J. Am. Ceram. Soc., 98 [4] 1209–

1214 (2015).  

 

Figure 69. Symmetric cycling of SLMA/LLZTO/SLMA at 0.5 mA/cm2 (1h charge/discharge) at 

65 oC for 150 h. 

 

Figure 70. EIS of symmetric cycling of SLMA/LLZTO/SLMA at 0.5 mA/cm2 and 0.5 mAh/cm2 

at 65 oC for 150 h. 
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Figure 71. Symmetric cycling of SLMA/LLZTO/SLMA at 2 mA/cm2 (1 h charge/discharge). 

 

 
Figure 72. (a) Comparison of the cycling areal capacity and current density of SLMA anodes 

reported herein with previous reports that use lithium anodes and surface-modified garnet type 

electrolytes. (b) Comparison of the cumulative capacity cycled in this work with previous reports.  
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Table 9. Comparison of theoretical areal capacity, current density, cycled areal capacity and 

cumulative capacity. 

Referen
ce 

Journal Li 
content 

Theoretical 
areal 
capacity 
(mAh/cm2) 

Current 
density 
(mA/cm2) 

Cycled 
areal 
capacity 
(mAh/cm2) 

Cumulat
ive 
capacity 
(mAh/c
m2) 

Our 
work 

 40 vol% 9  1  1  407 

Ref 52 Adv. Mater., 
2019 

50 wt% 15.45  0.3  0.15  75  

Ref 20  PNAS, 2018 50 vol% 5.15~15  0.5  1  150  

Ref. 45  Nat. Mater., 
2017 

100% 41.2  0.2  0.1  18  

Ref. 46  JACS, 2016 Unknow
n 

Unknown 0.05~0.2  0.008~0.01
6  

11  

Ref. 47  Sci. Adv., 2017 100% > 37 0.1 ~ 0.2  0.008~0.01
6  

5  

Ref. 48  Nano Lett., 
2017 

100% 30.9  0.1  0.016  4.7  

Ref 53 Angew. Chem., 
2017 

100% 35.02  0.1  0.008  4  

Ref. 34  Nat. Nanotech., 
2016 

Unknow
n 

10.9  1  1  222  
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 Tuning the Lithium Metal Morphology  

Preface 

A typical lithium metal anode is only a mere piece of lithium metal foil. This results in a 

limited amount of work on the modification of the lithium metal anode, although the lithium metal 

anode is the heart of a rechargeable lithium metal battery.  

I designed a novel approach to the development of a lithium metal anode by using a 

polymer surfactant and physical alteration to transform the foil form of a lithium metal anode to 

two types of powder forms: a microparticle-form and a nanoflake-form. Transforming the 

electrode structure from a plain foil to stacked micro/nano particles has several advantages: (1) the 

porous structure enhances the active surface area, thereby decreasing the local current density; (2) 

the cavities can alleviate the volume change during cycling; (3) the powder form allows for a well-

controlled mass-loading, which is essential when balancing mass of cathode and anode during cell 

assembly; (4) the powder form also allows easy blending with functional additives; e.g. polymer 

binder, conductive filler, to further improve cell performance. Therefore, a lithium metal anode 

made of such powder form outperforms a traditional lithium metal battery in multiple aspects. The 

fabrication of the two forms of lithium powder will be discussed in section 5.2 and 5.3 respectively.  

I designed the whole projects which resulted in one publication in a top energy related 

journal:   Sipei Li, Han Wang, Wei Wu, Francesca Lorandi, Jay F. Whitacre, Krzysztof 

Matyjaszewski, “Solvent-Processed Metallic Lithium Microparticles for Lithium Metal Batteries”, 

ACS Appl. Energy Mater. 2019, 2, 1623-1628. I would like to thank my Francesca Lorandi for her 

contribution in materials preparation and paper writing, Wei Wu for his contribution in electrode 

preparation and Han Wang for his contribution in electrochemical characterization and paper 
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writing. Financial support from National Science Foundation (Grant DMR 1501324) is 

acknowledged. 

Solvent-Processed Metallic Lithium Microparticles for Lithium Metal Batteries  

Conventional Li metal anodes are in the form of a plain foil. However, the dramatic volume 

change at the foil surface during cycling and the high reactivity of Li metal against organic 

electrolytes can easily cause formation of dendrites, leading to poor Coulombic efficiency and 

eventual cell failure.1, 2 Many attempts have been made to improve the cycling efficiency and 

stability,3-10 however, further efforts are still needed in terms of materials processing, cell assembly 

and cost-effectiveness.  

Transforming the electrode structure from a plain foil to stacked microparticles has several 

advantages: (1) the porous structure enhances the active surface area, thereby decreasing the local 

current density; (2) the cavities can alleviate the volume change during cycling; (3) the powder 

form allows for a well-controlled mass-loading, which is essential when balancing mass of cathode 

and anode during cell assembly; (4) the powder form also allows easy blending with functional 

additives; e.g. polymer binder, conductive filler, to further improve cell performance, (5) finally, 

microparticles are usually easier to prepare than nanoparticles and therefore more applicable for 

the industrial purposes. As such, microparticle-based materials systems have been successfully 

used in many challenging electrode systems, with the silicon particle-based anode being a notable 

example,11 along with several others such as a metallic magnesium anode,12 or a metallic bismuth 

anode.13  

However, the preparation of metallic lithium microparticles (Li MPs) has been barely 

investigated and the preparation details were not fully disclosed.14-16 Commercial sources of Li 
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MPs are not common. Therefore, it is of significant academic and industrial interest to develop a 

method for the large-scale and relatively safe preparation of Li MPs. 

We report a facile top-down approach for preparing Li MPs that involves the use of reactive 

polymer surfactant and the use of such Li MPs as a proof-of-concept for preparation of a Li 

MPs/carbon nanotube (CNT) composite anode (LMCA). The LMCA showed clearly improved 

electrochemical performance vs. a plain Li foil anode in both symmetric cycling and in a full cell 

test. 

 

Scheme 8. Preparation of lithium microparticles. 
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Figure 73. (a) Suspension of Li MPs in THF/mPEG/LiTFSI solution after sonication. (b) 

Spontaneous separation of Li MPs in a separatory funnel. (c) 1.5 g of extracted Li MPs in a 20 mL 

glass vial. 

The preparation of Li microparticles is illustrated in scheme 8. Li foils were added into a 

glass vial containing a transparent polymer liquid that consisted of poly(ethylene glycol) 

monomethyl ether (MW=750, mPEG) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 

and heated at 180 oC. The Li foil formed smaller pieces by the chemical etching between the 

hydroxy groups of mPEG and the lithium metal. The lithium metal started to melt at this 

temperature and then the smaller particles formed a greyish emulsion in the presence of an added 

lithium salt and end-group-lithiated PEG within 10 min with a shearing speed of 800 RPM. In this 

procedure the mPEG serves as a reactive surfactant and the presence of LiTFSI helps to stabilize 

the emulsion. The hydroxy groups of the monofunctional mPEG reacted with metallic Li, thus 

accelerating the melting process of the lithium metal and enabling the use of substantially lower 

shearing forces compared to previous reports.14, 15, 17, 18 Due to the protecting effect of the polymer 

chains, no corrosion of glass vials from molten lithium was observed. Therefore, a customized 
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mixing vessel is no longer needed. The agitation was stopped after 15 minutes of agitation, and 

the reaction mixture was allowed to cool down to room temperature to form a uniform colloidal 

dispersion. Anhydrous tetrahydrofuran (THF) was added and the mixture was sonicated overnight. 

The sonication not only broke down particle aggregates but also helped to clean the surface of the 

Li MPs by mechanically removing surface impurities resulting from side reactions that occurred 

at high temperature. After sonication a Li MP/THF suspension was formed, Figure 73a. Since the 

density of lithium (0.56 g/cm3) is lower than THF (0.89 g/cm3) a phase separation step was adopted 

to extract the Li MPs. The suspension of Li MP/THF was transferred to a separatory funnel and 

an extra amount of anhydrous THF was added. The suspension was kept still and after 30 min and 

two separate layers formed, Figure 73b. The top greyish layer consisted of floating Li MPs and the 

bottom layer was a solution of PEG/LiTFSI in THF with some insoluble impurities. The bottom 

layer was removed, whereas the upper layer was left to dry under vacuum to yield greyish powders 

with metallic luster, indicative of the high purity Li. Due to the high reactivity towards ambient 

air, further efforts were still needed to create a transferring device for quantifying the surface purity 

of the Li MPs. Figure 73c shows 1.5 g of prepared Li MP contained in a 20 mL glass vials. 

Interestingly, the Li MP cannot form compact packing and only 1.5 g of Li MP filled almost half 

the volume of the 20 mL vial. The mono chain-end functionality of the reactive surfactant is 

crucial. The as-prepared Li MP using mPEG has an approximate particle size around 30~60 μm, 

Figure 74a & b. In contrast, Li particles prepared by using dihydroxy PEG, Figure 77, or dimethoxy 

PEG, Figure 78, both showed larger particle size (even > 1 mm) and much broader size 

distribution. This is because dihydroxy PEG can serve as a cross-linker between MP and inhibits 

the stirring of the mixture. For dimethoxy PEG, the lack of chemical etching resulted in a much 

slower and insufficient process of emulsification. A solvent-processed approach to prepare lithium 
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MPs with polymeric reactive surfactant greatly reduced the requirement of specialized 

instruments, making the preparation significantly easier and safer as compared to previously 

reported approach. 

 

Figure 74. (a)&(b) SEM images of as-prepared Li MPs. (c)&(d) Digital photos of LMCA pellet. 

(e) SEM image of Li MPs mixed with CNT, (f) surface of LMCA pellet, (g) cross-section of 

LMCA pellet before symmetric cycling and (h) surface of LMCA pellet after symmetric cycling 

at 0.5 mA/cm2 for 350 h. 
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Scheme 9. Half-cell configuration of LMCA (a) and Li foil anode (b) with liquid electrolyte.  

A proof-of-concept Li MPs/CNT composite anode (LMCA) was prepared. Because of the 

powder form of the Li MPs, the mass loading and fabrication of the electrode could be easily 

controlled. 80 wt% Li MP was precisely weighed and evenly mixed with 20 wt% CNT in a DAC-

150 Speedmixer. The mixed powder was then pressed into a pellet with a thickness of 220 μm and 

a diameter of 13 mm, Figure 74c & d. After mixing, CNTs were uniformly coated on the Li MP 

surface, Figure 74e. SEM images of the surface and cross-section of the pellet confirmed the 

porous internal structure of the LMCA anode, Figure 74f & g. To study the plating/stripping 

behavior of LMCA, two symmetric cells using either LMCA or Li foil as electrode were 

assembled, respectively in a 2032-type coin cell case with 1 M LiPF6 in EC/DEC as electrolyte 

with a Celgard separator. Figure 75a shows the symmetric cycling of the two cells both at 0.5 

mA/cm2 current density, with 1 h charging/discharging time. Under this current density, the initial 

voltage of LMCA cell was 40 mV while that of Li foil cell was over 160 mV. This was in 
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agreement with the impedance spectra of the two cells measured before cycling, Figure 75b. The 

LMCA cell showed much lower resistance, as suggested by the smaller semicircle in the high-

frequency range. During long-term charge/discharge cycle testing, the LMCA cell showed a highly 

stable and consistent voltage profile for the first 260 hours. Insets in Figure 75a show the enlarged 

voltage profile of LMCA cell at hour 50 and hour 250 during the test. At both points, the 

overpotential was 40 mV, identical to the initial value. The cell slightly polarized by 2~3 mV after 

300 h. In contrast, the lithium foil anode cell has an initial overpotential of 120 mV. The voltage 

profile was also more asymmetric and spiky. The voltage increased to a high of 200 mV after 130 

h. and the cell eventually shorted after 130 h, likely due to internal shorts in the form of Li 

dendrites. The improved cycling stability is also confirmed by impedance spectra measured after 

100 h of cycling. For the Li foil cell, the interface resistance increased by almost 100 Ω•cm2 while 

the LMCA cell increased only 5 Ω•cm2, Figure 75c. This higher cycling stability of LMCA is due 

to two factors: (1) the 3D porous internal structure of LMCA and higher electrolyte/electrode 

contact area lead to lower local current density19 and reduce the chances of dendrite formation 

towards the counter-electrode direction;20 (2) the 3D structure ensured that the charge transfer 

takes place across the whole volume and greatly limits the local volume change during 

plating/stripping (Scheme 9).3, 21, 22 Figure 74h shows that after cycling, the porous structure was 

preserved, but the surface became rougher. Symmetric cycling data at higher current densities (1 

mA/cm2, 2 mA/cm3 and 3 mA/cm2) are illustrated in Figure 80 and Figure 81, which also show 

reduced overpotential in comparison with plain lithium foil. Due to the increased surface area, the 

contribution of side reactions of lithium with the electrolytes might increase. In order to prevent 

these side reactions, future work will focus on creating a stable SEI at the surface of individual 

particles as well as introducing binding materials to prevent the detachment of dead lithium from 
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the electrode. The effect of adding different conductive fillers such as commercially inexpensive 

carbon black, graphene and copper powder will be investigated. Especially, due to the unique 

mechanical integrity, multiple forms and lithiophilicity, it has been demonstrated the addition of 

graphene can help to prevent dendrite growth,23, 24 stabilize scalable lithium loading25 and improve 

electrode mechanical properties26. Another challenge will be to reduce the thickness of the 

electrode in order to improve the device energy and power density as well as to balance the 

anode/cathode weight. However, thinner electrodes may introduce more device design challenges 

as the % of volume change experienced during charging/discharge will increase; we continue to 

investigate this matter.  

To further investigate functionality in a full cell, a LCMA anode pellet was paired with 

LiFePO4 (LFP) cathode and compared to a lithium foil anode with the same cathode. The details 

of cathode preparation and cell assembly are described in the supporting information. Both long-

term cycling and rate performance were tested. The capacity was calculated per gram of cathode. 

As shown in Figure 76, at 0.5 mA/cm2 current density, LMCA/LFP full cell showed 112 mAh/g 

discharge capacity in the first cycle and 111 mAh/g discharge capacity after 100 cycles, indicating 

less than 1% capacity loss after 100 cycles. The periodic change of capacity is due to the fluctuation 

of room temperature. The Li foil/ LFP full cell achieved only 104 mAh/g discharge capacity in the 

first cycle and 92 mAh/g discharge capacity after 100 cycles, equating to over 10% capacity loss. 

Moreover, in a rate performance test (Figure 76b), the LMCA/LFP also showed notable 

improvement over Li foil/LFP. The Li foil cell showed a discharge capacity of 132, 125, 105, 90 

and 58 mAh/g at rate of 0.1, 0.2, 0.5, 1 and 2 C respectively, whereas the discharge capacity for 

the LMCA cell was 141, 132, 117, 100 and 76 mAh/g at 0.1, 0.2, 0.5,1 and 2 C. Also the LMCA 

showed higher first cycle round trip Coulombic efficiency than lithium foil (Figure 83). The 
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capacity difference is also supported by the voltage profile comparison at different current 

densities in Figure 76c&d. Compared to the Li foil/LFP full cell at all current densities, the voltage 

plateau of LMCA/LFP cell was lower during charge and higher during discharge, indicating that 

higher voltage could be harnessed in a LMCA anode than Li foil anode. These results suggest that, 

LMCA/LFP full cell has much better cycling stability than the Li foil/LFP full cell. Noticeably, in 

the future, the cathode preparation will be optimized in order to achieve even higher specific 

capacity. 

 

Figure 75. (a) Symmetric cycling data of LMCA/LCMA and Li foil/Li foil cells at 0.5 mA/cm2 

current density with 1 h charging/discharging times. The inset plots show the voltage profiles of 

LMCA/LCMA cell after 50 h and 200 h cycling. (b). EIS results of LMCA/LMCA cell and Li 
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foil/Li foil cell at 0.5 mA/cm2 before cycling. (c) EIS results of LMCA/LMCA cell and Li foil/Li 

foil cell after 100 h of cycling at 0.5 mA/cm2 (Left: high frequency; Right: low frequency). 

 

Figure 76. (a) Long-term cycling of LMCA/LFP full cell and Li foil/LFP full cell at 0.5 mA/cm2 

current density with 2.6 V and 3.8 V voltage cut-off. (b) Rate capability test of LMCA/LFP full 

cell and Li foil/LFP full cells at different current density with 2.6 V and 3.8 V voltage cut-off. (c) 

Voltage profile of LMCA/LFP cell under different current density. (d) Voltage profile of Li 

foil/LFP cell at different current density. (Capacity calculated per gram of cathode) 

In conclusion, this work reports a facile method for the preparation and extraction of a large 

amount of Li microparticles (Li MPs) by a solvent-processing procedure. Compared to previous 
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approaches, such a solvent-processed approach with reactive-surfactant is safer, much more user-

friendly for typical laboratories and can be easily reproduced and scaled up. A powder form allows 

for the preparation of composite anodes with functional fillers, such as conductive carbon, at room 

temperature, avoiding possible safety issues if the procedure was carried out at temperatures above 

the melting point of lithium. A proof-of-concept composite anode based on Li MPs was prepared. 

Both symmetric cell and full cell cycling tests proved the advantages of using Li MPs based anode 

as compared to a typical Li foil anode. Given both the academic and industrial interest in Li 

microparticles, the proposed procedure has great commercial potential in the field of electrode 

materials and electrolytes for LMB. Furthermore, we envisioned that this methodology for 

preparing low melting point metallic microparticles could be extended to other alkaline metal 

anodes systems, such as metallic sodium and potassium. 

 

Materials and characterizations. Poly(ethylene glycol) monomethyl ether (mPEG, 

MW=750 and MW=350), dihydroxy oligomeric ethylene glycol (dihydroxy PEG, MW=200), 

dimethoxy oligomeric ethylene glycol (dimethoxy PEG, MW=250), anhydrous tetrahydrofuran 

(THF) (>99.9%) were purchased from Sigma-Aldrich. Lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) (>98%) was purchased from TCI America. Lithium 

chips (99.9%), a 13 mm stainless steel die, and LiFePO4 (LFP) powder were purchased from MTI. 

Carbon nanotubes (CNTs)-based Conductive Additives for Lithium Ion Battery (outside diameter 

(d50): 50-80 nm, length: 10-15 μm) were purchased from US Research Nanomaterials Inc. 

TIMCAL Graphite & Carbon Super P® Conductive Carbon Black was purchased from MatWeb. 
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Scanning electron microscopy (SEM) was performed on a Philips XL30 scanning electron 

microscope.  

Preparation of Li MPs. The whole fabrication process was carried out in an argon-filled 

glove box with sub-ppm (parts per million) O2 and H2O levels. In a typical procedure, 0.6 g of 

mPEG (MW=750) was mixed with 0.39 g LiTFSI (EO/Li = 10/1) in a 20 mL glass vial equipped 

with a stirring bar and heated at about 180 oC to give a transparent liquid. Then 0.264 g lithium 

metal were preliminarily cut into small pieces (average size ~ 1 cm2) and added into the 

mPEG/LiTFSI mixture. The mixture was stirred at 800 RPM on a hot plate for 10-15 min. After 

the mixture was cooled down to room temperature, 10 mL of anhydrous THF were added to the 

vial. The suspension was put in a sonication bath for 10 hours. After that, the suspension was added 

to  ~100 mL THF and transferred to a separatory funnel. After 30 min, two layers formed. The 

upper layer containing Li MPs was collected and dried under vacuum to give pure Li MPs with a 

metallic luster, with an average yield of 90%.  

Fabrication of LMCA electrode. The Li MPs and CNT were weighed, to provide a 

mixture with a mass ratio 4:1. The mixture was transferred to a plastic container. Then, the 

container was sealed and put in a DAC-150 Speedmixer. The mixer was run at 3000 RPM for 1 

min and left to rest for another 1 min. The mixing process was repeated 3 times to give a 

homogeneous black powder. After mixing, the powder was transferred to a 13 mm stainless steel 

die and pressed into a pellet under a pressure of 250 psi.  

Assembly of coin cell and electrochemical test. All electrochemical tests, including 

symmetric cycling, full-cell test and electrochemical impedance spectroscopy (EIS), were 

performed at 25 oC in a Bio Logic VMP3 Multi-Channel Potential/Electrochemical Impedance 

Spectrometer, 2032-type coin cells were used. The separator from Celgard with 25 μm thickness 
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was used. Commercial electrolyte (1 M LiPF6 in 1:1 ethylene carbonate (EC): diethyl carbonate 

(DEC)) was used. Two pieces of LMCA pellet with 13 mm diameter were used for symmetric 

cycling. The symmetric cell was cycled at 0.5 mA/cm2 current density, at 25 oC. For the full-cell 

test, the LFP electrode was prepared by spray-drying. The LFP, carbon black and poly(vinylidene 

fluoride) (PVDF) powder were weighed to provide a weight ratio of 7:2:1 and the mixture was 

gradually added to N-methyl-2-pyrrolidone (NMP). The slurry was stirred for 30 min and 

sonicated for 30 min. Then the mixture was sprayed onto an aluminum foil, attached to the hot 

plate. After the spray-drying, the aluminum foil was then transferred into a vacuum oven at 80 oC 

and dried overnight. For both long-term cycling and rate performance test, the LMCA/LFP cells 

were run with constant charge and discharge current under the same voltage cut-off between 2.6 

V and 3.7 V. For long term cycling, the LMCA/LFP full cell was cycled at a current density of 0.5 

mA/cm2 for 100 cycles, at 25 oC. The applied current for the LMCA/LFP full cell was calculated 

by the diameter of the LMCA electrode. For rate performance test, the LMCA/LFP full cell was 

cycled at current densities of 0.1, 0.2, 0.5, 1 and 0.1 mA/cm2 (5 cycles for each current density). 

The capacity was calculated per gram of cathode. Measurements for the EIS were taken after the 

coin cell was rested for 3 h. The data was collected between 600 kHz and 100 mHz by applying a 

10 mV sinusoidal voltage perturbation. The same tests with identical parameters were applied to 

the Li foil/Li foil symmetric cell, and Li foil/LFP full cell. 
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Figure 77. SEM image of lithium particles prepared from dihydroxy PEG.  

 

Figure 78. SEM image of lithium particles prepared from dimethoxy PEG. 
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Figure 79. SEM images of (a) cross-section of LMCA pellet and (b) surface of LMCA pellet. 

 

Figure 80. Symmetric cycling comparison of LMCA/LMCA and Li foil/Li foil. For cycling at 

0.1, 0.2 0.5 and 1 mA/cm2, each step is 1 hour. For 2 mA/cm2, each step is 30 min and for 3 

mA/cm2 each step is 20 min. 
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Figure 81. Symmetric cycling of LMCA/LMCA at 1 mA/cm2 with 1 hour at each step.  

 

 

Figure 82. EIS of LMCA/LFP and Li foil/LFP full cell before rate performance test. 
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Figure 83. Coulombic efficiency of LMCA/LFP and Li foil/LFP full cells running under a 

current density of 0.5 mA/cm2 for long-term cycling test.  

 
Preparation of Lithium Nanoflakes by a Physical Wet-Milling Approach 

As introduced in section 5.2, one of the major benefits of reducing the size of lithium from 

millimeter-level plain foil to micron-level particles is to increase the contact surface area. 

Therefore, it would be even more interesting to reduce the size of lithium from a micron level to 

the nanometer level, at least in one dimension. Typically, there are two procedures employed for 

the preparation of inorganic nanostructures, the bottom-up and the top-down approaches.27 A 

bottom-up synthesis method implies that the nanostructures are synthesized by stacking atoms onto 

each other, which gives rise to crystal planes, which further stack onto each other, resulting in the 

synthesis of nanostructures. However, due to the high reactivity of metallic lithium, it is extremely 
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difficult to apply the bottom-up approach for the preparation of lithium nanostructures. Not to 

mention the complication of achieving high product purity and materials for a scalable procedure. 

A top-down synthesis method implies that the nanostructures are synthesized by reducing the size 

of inorganics from a larger dimension. A top-down approach can thus be viewed as an approach 

where the building blocks are removed from the substrate to form the nanostructure. In this section, 

a wet-milling based top-down approach will be introduced to prepare lithium nanoflakes (Li NFs) 

with high purity. Composite lithium/carbon anodes were prepared with varied composition. 

Compared to LMCA, the nanoflakes based lithium composite anode showed further reduced 

overpotential during cycling.  

The first attempt to prepare lithium nanostructures was a modification of the approach of 

preparing Li MPs that is discussed in section 5.2. It was found that by increasing the agitation time 

and reducing the feeding amount of lithium, the particle size of resulting lithium could be further 

decreased to submicron level. As shown in Figure 84, by increasing the agitation time to 1 hour 

while reducing the feed amount of lithium to 10 vol%, sub-micron size lithium could be prepared. 

However, the yield of lithium was very low due to the increased extent of side-reactions and the 

difficulties of extracting sub-micron size lithium due to enhanced Brownian motion. Furthermore, 

the purity of the nanoparticles was low as the collected particles had no metallic luster and a brown 

color. We suspected that the elongated reaction time caused unwanted side reactions and therefore 

the application of higher agitation force without increasing the agitation time could increase the 

purity and yield of lithium NPs.  
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Figure 84. TEM image of sub-micron lithium particles prepared by increasing the agitation time 

to 1 hour while reducing the amount of fed lithium to 10 vol%.  

Alternatively, in order to lower level of the side reactions that occurred at high temperature 

(>180 oC), a physical wet-milling approach was adopted for preparing lithium nanostructures with 

high purity. Similar to a regular ball-milling approach, where particle size is grinded down by 

collapsing the substrate with a grinding media, Li MPs prepared from section 5.2 were re-dispersed 

in THF and stirred slowly in the presence of a small magnetic stirring bar. The dispersion of Li 

MPs into THF served to avoid aggregation of the lithium MPs when flattened into macroscopic 

lithium sheets. As a result, the Li MPs were all flattened into smaller flakes with thickness at the 

sub-micron level. Moreover, the wet-milling served as a polishing process and the surface purity 
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of the lithium was further improved (Figure 85). As shown in Figure 86, the Li NFs had sub-

micron thickness with micron-level width.  

 

Figure 85. Wet-milling approach to prepare lithium nanoflakes (Li NFs) with improved purity. 

 
Figure 86. SEM image of prepared Li NFs with sub-micron thickness.  

A composite anode made of Li NFs and 20 wt% carbon black was prepared using a similar 

approach to the method described in section 5.2, Figure 87. For comparison, a composite anode 

made of Li MPs with the same amount of carbon were also prepared. Symmetric cells using both 

type of composite anodes were assembled in 2032 coin cell cases, using 1 M LiPF6 in EC/DEC 
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electrolyte, and run at 0.5 mA/cm2. As shown in Figure 88, the Li NFs-based composite anode 

showed even lower overpotential. We believe this is because since one dimension of the lithium 

particles was reduced to a sub-micron size, the contact surface area was improved. Together with 

the fact that the lithium NFs have higher surface purity, internal cell resistance was decreased, 

leading to the overpotential drop.  

 

Figure 87. Preparation of the Li NFs/carbon composite anode.  

 

Figure 88. Symmetric cycling voltage profiles of composite anodes using Li NFs (red) and Li MPs 

(black) as lithium source. Cells run at 0.5 mA/cm2, 1 hour each half step.  
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In conclusion, a physical wet-milling approach was developed to further tune the 

morphology of lithium particles from micron-size particles to nanoflakes with sub-micron 

thickness. The Li NFs had improved surface area and higher surface purity. As a result, a 

composite anode prepared from Li NFs showed an even further decrease in cycling overpotential. 

Moreover, due to the unique 2D morphology of Li NFs, we expect it to have the potential of 

building a mortar & brick structure with unusual mechanical properties.  
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 Conclusions 

General 

The 2019 Nobel Prize in Chemistry was awarded to honor the development of lithium ion 

batteries. With the current graphite-anode based lithium ion batteries  approaching their theoretical 

energy limit, the development of a lithium metal anode has been considered critical for the 

preparation of the next-generation lithium-based higher-energy rechargeable batteries,1 because it 

delivers a higher theoretical specific capacity, 3860 mAh g−1 vs. 372 mAh g-1 for a conventional 

graphite anode, and has extremely low electrochemical redox potential, −3.04 V vs. SHE.2 A state-

of-the-art LIB equipped with graphite anode and NCM cathode has an energy density of 350 

Wh/Kg. By replacing the graphite anode with lithium metal, the energy density could reach over 

500 Wh/Kg, which is sufficient to power an electric vehicle for over 500 miles before a second 

full charge.3 Furthermore, when paring a non-lithiated high-energy cathode, such as sulfur or O2, 

with lithium metal, the energy density could be further increased to 800 Wh/Kg, completely 

revolutionizing the current field of energy storage.2 

It remains a challenge to achieve a cycling stability for a lithium metal anode as high as in 

the case of a graphite anode. Traditionally, polymeric materials in a LIB are mostly used as non-

reactive binder materials. However, recent advances in polymer chemistry have given polymer 

materials new “lives” in all aspects of an LMB, i.e., electrodes (cathode and anode), electrolyte 

and electrode/electrolyte interfaces (cathode-side and anode-side).  

The first part of the thesis (Chapter 1) explained why and where the challenges are for the 

success of lithium metal batteries and introduces how polymer materials could be applied in the 

five aforementioned aspects of LMBs.  
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The second part of the thesis (Chapters 2 and Chapter 3) discusses how synthetic polymers 

could be used as a conductive layer for the stabilization of the anode interface. Chapter 2 

emphasizes the importance of development and maintenance of a high transference number (t+) in 

an electrolyte for LMBs. Two examples were given regarding how high transference number could 

be easily achieved through the selection and use of synthetic polymers. Polymers with tailor-made 

composition, morphology and functionality were achieved via combination of advanced 

polymerizations and modification chemistries, such as atom transfer radical polymerization 

(ATRP), ring opening polymerization (ROP) and copper-catalyzed alkyne-azide cycloaddition 

(CuAAC). Chapter 3 focused on the significance of a “mysterious” part of LMBs – the solid 

electrolyte interface (SEI). A spontaneously formed SEIs on lithium metal are brittle, 

inhomogeneous, and low in ionic conductivity, therefore will be repeatedly broken during battery 

cycling, exposing fresh lithium to further parasitic side reactions. Two types of polymeric materials 

were discussed for their application as artificial SEIs for a lithium metal anode, including an 

oxygen vacancies-rich YSZ/PAN hybrid material and a high-MW single-ion conducting polymer 

with simplified PEO-like backbone.  Lithium anodes protected with these polymeric materials 

showed clearly improved cycling performance compared to lithium metal anodes without 

protection.  

The third part of the thesis (Chapter 4 and Chapter 5) discusses the use of low MW 

monohydroxyl polyethylene glycol (mPEG) as reactive agent for the preparation of composite 

lithium anodes. Chapter 4 provided details on a simple approach to create liquid-like lithium 

composite anodes by dispersing in situ generated lithium microparticles in an electronically and 

ionically conductive liquid polymer composite. The flowing composite can work as an extremely 

stable anode with a solid ceramic electrolyte due to the generation of sufficient contact at the 
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anode/electrolyte interface. The methodology presented in this chapter complements the broader 

interest of developing safe high-energy-density solid-state rechargeable alkaline metal batteries. 

Chapter 5 described the use of mPEG as a reactive surfactant to taper down the size of typical 

millimeter-level lithium foil to micron-size lithium particles (Li MPs) and sub-micron lithium 

nanoflakes (Li NFs). Transforming lithium foils to microparticles or nanoflakes has several notable 

advantages including: (1) the porous structure can reduce the local current density and alleviate 

the volume change during cycling; (2) the powder form allows for a well-controlled mass-loading 

and easy blending with functional additives (e.g. polymer binder, conductive filler). 

Outlook 

The novel applications of advanced polymer materials for LMBs presented in this thesis 

confirm that functional polymers can be a vital building block for all the major components of an 

LMB. The numerous approaches that have been emerging within recent years illustrate a new 

perspective for achieving high performance practical LMBs: the application of tailor-made 

functional polymers with a wide range of mechanical and electrochemical properties to optimize 

resistance, stability and transport properties at the different interfaces in LMBs. 

Advanced polymer materials for LMBs are typically engineered to accomplish specific 

tasks and are tested in combination with conventional battery materials and standard setups. 

Instead, a more integrated strategy is required to achieve practical polymer-based LMBs. For 

instance, single-ion conducting polymer electrolytes should be used together with a polymer 

coated Li metal or a flowable polymer/Li composite anode in order to achieve better wettability of 

the electrode material. The integration of different polymer-based parts is expected to introduce 

new challenges but also provide better understanding of interfacial phenomena.  



 199 

Looking ahead, one would hope to eliminate the interfaces, meaning that there will be 

no/limited barriers for mass transport between cathode and anode. In order to achieve this, the 

polymer should be covalently grafted/attached by chemical bonds rather than simply 

blended/mixed with inorganic components. It is reasonable to expect that in the near future 

polymers will be grafted directly from lithium metal foil or particles. This will likely result in 

efficient prevention of dead lithium formation and better ionic transport between binding polymers 

and Li, particularly in a 3D form. Moreover, we previously demonstrated that grafting polymers 

from metallic EGaIn (Eutectic Gallium Indium) particles can reduce the melting point of the metal 

alloy.4 Therefore, grafting polymers from lithium metal could greatly enhance the flexibility of the 

composite anode as well as its adaptability to solid electrolytes.  
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Appendix A.  Biocompatible Polymeric Analogue of DMSO 

Prepared by ATRP 

A.1.  Preface 

Before I entered CMU, I obtained my Master’s degree in Zhejiang University where I 

studied the synthesis and functionalization of hyperbranched polymers. When I entered the PhD 

program of the Department of Chemistry at CMU, I continued my research in polymer synthesis 

and I first focused on bio related applications. My background in polymer chemistry laid 

foundation for my later branching out to applying polymer science in energy related areas 

especially lithium metal batteries.  

In this Chapter, I will present one of my earliest work on developing a super-water-soluble 

biocompatible polymer and its non-linear topologies. This work resulted in a first-author 

publication in Biomacromolecules - Sipei Li, Hee Sung Chung, Antonina Simakova, Zongyu 

Wang, Sangwoo Park, Liye Fu, Devora Cohen-Karni, Saadyah Averick, Krzysztof Matyjaszewski, 

“Biocompatible Polymeric Analogues of DMSO Prepared by Atom Transfer Radical 

Polymerization”, Biomacromolecules 2017, 18, 182475-482. I would like to thank Hee Sung 

Chuang, Antonina Simakova and Sangwoo Park for their contributions in polymer synthesis. I 

would like to thank Zongyu Wang and Liye Fu for their contributions in polymer characterizations. 

I would like to thank  Devora Cohen-Karni and Saadyah Averick for biocompatibility test. I would 

like to thank the National Institutes of Health R01DE020843 and the NSF (DMR 1501324) for the 

financial support. 

A.2.  Introduction 

Biocompatible polymers are used in a wide range of therapeutic applications, including 

drug delivery,1 siRNA delivery,2 gene delivery,3 vaccination,4 and tissue engineering.5 
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Poly(ethylene glycol) (PEG) is among the most widely used polymers in biomedical applications 

due to its hydrophilicity, water-solubility and chemical stability of the ether groups. Its neutral 

charge prevents interactions with negatively charged cell membranes, or opsonins that enhance 

phagocytosis and polymer clearance.6 In addition PEGylated species can circulate longer in the 

bloodstream.7 However, the conjugation of mono-functional PEG to bio-relevant molecules may 

result in the formation of heterogeneous products due to the presence of bi-functional PEG 

impurities.7 Low molecular weight PEG may aggregate at elevated temperatures due to its lower 

critical solution temperature (LCST). In addition, it has been recently reported that the 

immunogenicity of PEG may result in inefficient drug delivery and severe immune reactions.7 

These limitations have motivated studies on the preparation and evaluation of other types of water-

soluble, biocompatible polymers, with diverse chemistry to replace PEG. Poly(2-oxazoline)s, also 

synthesized by ring-opening polymerization, are potential alternatives to PEG. However, 

depending on substituents, they may exhibit limited solubility in water.8  

It is interesting to explore synthesis of biocompatible polymers by reversible deactivation 

radical polymerizations (RDRP) procedures, such as atom transfer radical polymerization 

(ATRP),9, 10 reversible addition-fragmentation chain transfer (RAFT) polymerization,11 and 

nitroxide-mediated polymerization (NMP).12 RDRP procedures were already employed to prepare 

some PEG-alternatives, such as poly(oligo(ethylene oxide) methyl ether methacrylate),13, 14 

polycarboxybetaines,15 polyacrylamides,16 polyvinylpyrrolidone.17 Recently, several procedures 

were developed to reduce the concentration of ATRP catalyst required to control the 

polymerization, including activator regeneration by electron transfer (ARGET) ATRP,18 

supplemental activator and reducing agent (SARA) ATRP,19, 20 initiators for continuous activator 

regeneration (ICAR) ATRP,21 photoATRP22, 23 and e-ATRP.24  These systems have also been 
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successfully applied to aqueous media.22 Polymers with various architectures, such as 

hyperbranched polymers, 25 star polymers,26, 27 nanogels28 and with other topologies,29, 30 have 

been prepared under such conditions.  

Previously, the synthesis of polymers based on sulfur-containing monomers, disulfide 

dimethacrylate,13, 14, 29 2-(methylthio)ethyl acrylate (MTEA) and 2-(methylthio)ethyl methacrylate 

(MTEMA)31 were reported. MTE(M)A was also converted to tertiary sulfonium species stable in 

an aqueous environment. Diblock copolymers of PEG with sulfonium segments were 

biocompatible up to 50 μg/mL. They also efficiently formed polyplexes with siRNA for gene 

knockdown.31  

Dimethyl sulfoxide (DMSO) is a neutral uncharged molecule used as a transdermal 

delivery enhancer,32 polymerase chain reaction inhibitor,33 cryoprotectant,34 and in veterinary 

medicine.35 The biocompatibility of DMSO is largely due to the presence of the polar aprotic 

methyl sulfoxide group.32 Inspired by these unique properties of DMSO, we aimed to synthesize 

a polymeric analogue of DMSO by ATRP that possesses similar properties of high water-solubility 

and low cytotoxicity, in addition to the absence of a LCST.36-38 In this paper, the polymeric 

analogue of DMSO was prepared by oxidation of well-defined poly(2-(methylthio)ethyl acrylate) 

(polyMTEA) and also directly from the sulfoxide containing monomer, 2-(methylsulfinyl)ethyl 

acrylate (MSEA), formed via oxidation of MTEA. Well-defined linear polyMSEA with low 

dispersity (<1.3) was synthesized by ARGET ATRP in the presence of 100 ppm copper catalyst. 

In addition, two well-defined star polymers39, 40 were prepared, one using a “core-first” approach 

with a biodegradable β-cyclodextrin core and the other one by an “arm-first” approach with divinyl 

benzene as crosslinker. The LCST of pure polyMSEA, ca. 140 oC, was estimated from the solution 

aggregation points of copolymers of MSEA and NIPAM with different compositions. The 



 207 

cytotoxicity of neutral water-soluble linear and star-shaped polyMSEAs was evaluated using 

human embryonic kidney cells (HEK 293) at concentrations up to 3 mg/mL. This new family of 

biomacromolecules could potentially be replacement of established PEGylation approach in a wide 

range of biological applications. 

 
A.3.  Results and discussion 

The synthetic route for MSEA is shown in Scheme 10. The monomer 2-(methylthio)ethyl 

acrylate (MTEA) was synthesized by an EDC catalyzed esterification procedure detailed in the 

previous work.31 The sulfoxide containing monomer 2-(methylsulfinyl)ethyl acrylate (MSEA) was 

then prepared by oxidation with 1.1 equiv. of hydrogen peroxide in an aqueous solution. The 

hydrogen peroxide solution was injected into MTEA (liquid state) at feed rate of 50 μL/min in 

order to avoid potential side reactions caused by heat release. The oxidization was complete and 

no further oxidation to sulfone occurred, as confirmed by the absence of the NMR peaks of methine 

protons next to a sulfone group at ~3.6 ppm.41 

 

Scheme 10. Synthesis of MTEA and MSEA monomers 

The 1H NMR spectrum of MSEA in DMSO-d6 is shown in Figure 89. The peak integration 

ratio of a/b/a’/c/d/e equals 1.00/0.98/1.01/2.04/2.06/3.02 confirming the high purity of the 

synthesized monomer. The c protons and d protons split into two peaks due to two prochiral 

carbons next to a chiral sulfur atom. The peak splitting of c protons is less pronounced as they are 

farther from the chiral sulfur than the d protons. The DMSO-d6 peak is located at 2.5 ppm and is 

negligible due to high concentration of the compound.  
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Figure 89. 1H NMR spectrum of MSEA. 

Free radical polymerization (FRP) of MSEA was previously reported.42, 43 Herein, MSEA 

was polymerized by ATRP using relatively low amounts of copper (1,000 or 100 ppm). The ATRP 

rate depends on the relative ratio of [CuI-L]/[X-CuII-L], rather than the absolute amount of copper 

species (Equation 1). 44   

 	𝑅§ = 𝑘§[M][P∗] = 𝑘§𝐾��°± 7
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In the polymerization with 1,000 ppm CuII, the reducing agent was added at the beginning 

of the polymerization (following the AGET procedure),45 whereas in the reaction with 100 ppm 

CuII, the reducing agent was added slowly over 5 h to ensure that some CuII deactivator complex 

was present throughout the polymerization (ARGET ATRP).18 The semilogarithmic plot for 

ARGET system indicated the steady concentration of active centers during the polymerizations 

but in AGET some deviation was observed, Figure 90a.46 
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Figure 90. (a) Kinetic plots of ln([M]0/[M]) vs time, (b) plots of Mn and Mw/Mn vs conversion and 

(c) GPC trace for ATRP of MSEA. AGET conditions: 

[MSEA]0/[EBiB]0/[CuBr2]0/[TPMA]0/[AA]0 = 70/1/0.07/0.15/0.7, 35 oC. ARGET conditions: 

[MSEA]0/ [EBiB]0/[CuCl2]0/[TPMA]0/[AA]0 = 70/1/0.007/0.015/0.14 (AA added over 5 h), 35 oC. 

(AA: ascorbic acid)   

 
The Mn values estimated from GPC based on linear PMMA standards were slightly higher 

than the theoretical values, which could be due to either incomplete initiation or the difference in 

hydrodynamic volume between the GPC calibration standards (PMMA) and polyMSEA, Figure 

90b. GPC traces exhibited a symmetrical narrow Gaussian distribution throughout the 

polymerization Figure 90c. Mn values were also calculated from 1H NMR for each kinetic point, 
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according to Equation 2, where δ5.99 represents the integration area of one of the vinyl hydrogen 

atoms, δ4.52 represents the integration area of methylene peaks next to the ester group in monomer 

and polymer and δ1.16 represents the integration area of methyl groups of EBiB. Figure 91a.  MMSEA 

is the molar mass of monomer MSEA, MEBiB is the molar mass of initiator EBiB. 

𝑀,¼º° =
�×(½¾.¿kk cÀ¿.ÁÁ)

Àp.pÂ
× 𝑀ºÃÄ� + 𝑀ÄÅÆÅ         (2) 

The good agreement between the theoretical values and the Mn,NMR in Figure 90b indicated 

efficient initiation. In Figure 91b, the chain-end functionality was observed for an isolated 

polyMSEA sample prepared by AGET ATRP with 1,000 ppm CuII . The sample was collected at 

35% conversion with Mn, NMR of 4,000 and Mw/Mn of 1.20. Peak a exhibited a triplet shape 

associated with a quartet-like c. Peak d split into doublet-like shape due to the chirality of the 

sulfoxide groups and polymer tacticity. The ratio of integration areas of a/d (1.00/0.27) was close 

to 3/1, indicating a good preservation of the chain-end functionality. The dispersity of the polymer 

prepared with 1,000 ppm CuII reaction remained well below 1.2 during the polymerization, while 

the dispersity of the polymer prepared with 100 ppm CuII reaction was higher, 1.25 at 13.7% 

conversion, 1.32 at 34.4% conversion and 1.34 at 43.1% conversion, Figure 90b. The increased 

dispersity can be attributed to the presence of a lower amount of deactivator (CuII). As shown in 

Equation 3, a decrease of [X-CuII-L] can increase the value of Mw/Mn.  

  �Ç
�²

= 1 + b
È±²

+ 7 jÉ[±²³]

jÊËÌÍÎ[³cµ¶··c¸]
> 7[

§
− 1>         (3)  

 



 211 

 

Scheme 11. Synthesis of star polymer (polyMSEA)n-polyDVB by the “arm-first” approach and 

(polyMSEA)n-(β-CD) by the “core-first” approach.  
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Figure 91. Example of 1H NMR spectrum for calculation of Mn,NMR. (Samples collected during 

polymerization by syringe and diluted in DMSO-d6) (a) and 1H NMR spectrum of an isolated 

polyMSEA with a preserved chain-end functionality (b).  

  

Synthesis of star polymer. Two types of sulfoxide-containing star polymers 

(polyMSEA)n-polyDVB and (polyMSEA)n-(β-CD) were synthesized by “arm-first” approach and 

“core-first” approach, respectively. The synthetic routes are shown in Scheme 11.  

In the “arm-first” the polyMTEA macromonomer was synthesized by ARGET ATRP in 

acetone, according to previous work.31 The kinetic plots are shown in Figure 98. A polyMTEA 

polymer with Mn = 2,900 and dispersity of 1.24 was used as the macroinitiator for the synthesis of 

a sulfide-containing star polymer (polyMTEA)n-polyDVB. The (polyMTEA)n-polyDVB was 

prepared by ARGET ATRP with Sn(EH)2 as reducing agent and divinyl benzene (DVB) as 

crosslinker.47 

As shown in Figure 99, the macroinitiator peak gradually decreased over time as the 

polymerization proceeded, and a new peak at higher molecular weight gradually formed and 

shifted to the region of higher molecular weights. The reaction was stopped at conversion 91.4% 
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and the star polymer was purified by precipitation and dialysis. The purified (polyMTEA)n-

polyDVB star polymer showed a unimodal peak with a molecular weight of Mn = 10,200 according 

to calibration with linear PMMA standards and Mn = 30,500 as measured by static light scattering 

method, Figure 92.  

 

Figure 92. (a) dRI GPC traces of macroinitiator polyMTEA, (polyMTEA)n-polyDVB and 

(polyMSEA)n-polyDVB and (b) static light scattering traces of (polyMTEA)n-polyDVB and 

(polyMSEA)n-polyDVB. 

 
The (polyMSEA)n-polyDVB star polymer was synthesized by post-oxidation of the 

(polyMTEA)n-polyDVB star with hydrogen peroxide solution and purified by dialysis. The 

oxidization was complete and no further oxidation to sulfone occurred as shown in the 1H NMR 

spectra, Figure 100.41 The (polyMSEA)n-polyDVB had Mn,GPC = 15,450 and Mn,LS = 33,450  and 

narrow molecular weight distribution. The GPC values, based on the hydrodynamic volume, are 

smaller due to the compact structure of star-like polymers. Thus, static light scattering method 

provides more accurate values. Post-oxidation approach was used here due to better initiating 

efficiency of a polyMTEA macroinitiator than a polyMSEA macoinitiator.   
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A polymer that will be used for biomedical applications, such as a drug delivery carrier, 

should be biodegradable to assure renal clearance after delivery. β-Cyclodextrin (β-CD) is a highly 

water soluble biocompatible biodegradable multifunctional molecule.48 Moreover, the 

hydrophobic cavity of cyclodextrin and its unique host-guest effect make it a good platform for 

hydrophobic drug delivery.49 In order to prepare a star polymer with β-CD as a core, a β-CD ATRP 

macroinitiator with 14 attached bromoisobutyrate sites was synthesized, Figure 101,50 by 

esterification of accessible hydroxyl groups. MSEA was grafted directly from the macroinitiator 

in a “core-first” manner by ARGET ATRP. The Mn,GPC =29,240 (Mw/Mn =1.06) of final polymer 

(polyMSEA)n-(β-CD) at conversion of 38.5% was measured by GPC with PMMA standards and 

Mn,LS =46,300 by static light scattering method (Mw/Mn 1.09), Figure 93 and Figure 94. 

 

 
Figure 93. Synthesis of star polymer with β-cyclodextrin core. Kinetic plot of ln([M]0/[M]) vs 

time (a), plots of Mn and (b) Mw/Mn vs conversion. (Red curve: theoretical Mn, black square: Mn 

by GPC, open square: Mw/Mn by GPC.)  
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Figure 94. (a) GPC traces for ARGET ATRP of MSEA from β-CD macro-initiator and (b) static 

light scattering trace of the same sample at conversion of 38.5%.  

 
As shown in Figure 102, the β-CD macroinitiator could be degraded in 5 wt% NaOH 

aqueous solution, 10 mg/mL, overnight. After degradation, molecular weight of sample at ~3,000 

shifted to oligomer peaks at ~270. To demonstrate the biodegradability of the as synthesized star 

polymer (polyMSEA)n-(β-CD), a polymer was prepared under the same conditions with 

conversion of 26.8%, Mn,GPC = 23,800 and Mw/Mn = 1.05. The sample was treated with 5 wt% 

NaOH aqueous solution overnight (10 mg/mL). After degradation, the original star peak shifted to 

Mn,GPC = 2,300 with dispersity Mw/Mn = 1.03, a size small enough for removal from the 

bloodstream, Figure 95.51 Therefore, such a high molecular weight biodegradable star-like 

structure, with low molecular weight side-arms, can be tested for drug delivery applications, 

especially for delivery of small hydrophobic drugs.49  
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Figure 95. GPC traces of (polyMSEA)n-(β-CD) before and after degradation by 5 wt% NaOH 

aqueous solution. 

 

The glass transition temperature (Tg) was investigated by differential scanning calorimetry 

(DSC). The (polyMSEA)n-polyDVB with Mn = 33,450  (Mw/Mn = 1.59) had a Tg = 31.5 oC while 

a linear polyMSEA with Mn = 5,200 (Mw/Mn = 1.18) had Tg = 15.7 oC, Figure 103.  

Water-solubility and biocompatibility. Many biocompatible polymers, such as PEG, 

POZ, polyacrylamides, and polyOEGMA exhibit lower critical solution temperature (LCST) 

behavior. The LCST could be advantageous for drug delivery, but it may decrease solubility in 

water, especially at elevated temperature. A more hydrophobic polymer can be attached to 

opsonins, leading to early bloodstream removal. Therefore, to evaluate the water-solubility and 
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hydrophobicity of polyMSEA, its solution behavior was studied at different temperatures. 

Dynamic light scattering (DLS) was used in the temperature range of 25~92 oC. Since DLS 

analysis of pure polyMSEA showed no aggregation within the investigated temperature range, 

Figure 96a, the LCST of copolymers with variable composition were used and the LCST of 

polyMSEA was estimated via extrapolation to pure polyMSEA. Thus, free radical 

copolymerization of NIPAM and MSEA was carried out at different molar ratios of comonomers. 

DLS traces for polyMSEA-co-polyNIPAM copolymers with different fractions of MSEA are 

presented in Figure 104 ~ Figure 106. 

 
Figure 96. (a) DLS data of polyMSEA in water from 25 oC to 92 oC and (b) LCST of polyMSEA-

co-polyNIPAM copolymers with different composition red curve: linear fitting with extrapolation 

to 100% polyMSEA.  

As shown in Figure 96b, as the fraction of MSEA increased, the LCST of the copolymer 

also increased. By extrapolating the observed LCST of the copolymers to a composition of 100% 

polyMSEA, its LCST was estimated to be ~140 oC. This suggests that a neutral water-soluble 

polyMSEA should not have solubility limitations when utilized in bio-related applications. As an 

indication of direct solubility, 359 mg of polyMSEA with Mn of 14,400 was fully dissolved in 1 

mL deionized water at room temperature, which equals the solubility of NaCl in water at the same 

temperature, Figure 107. 
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In addition, reactivity ratios of MSEA (monomer 1) vs NIPAM (monomer 2) were 

determined by Kelen-Tüdös method: r1=1.24 and r2=0.42,52, 53 Figure 104 and Figure 105. 

Therefore, the samples prepared for LCST extrapolation are not pure random copolymers and can 

have some composition drift. The reactivity ratio of MSEA in copolymerization with three other 

acrylic monomers methyl acrylate, n-butyl acrylate and oligo(ethylene glycol) methyl ether 

acrylate (OEGA480) were also calculated by the Kelen-Tüdös method with the values of r1/r2 as 

0.49/1.01, 0.49/0.83, and 0.77/0.33, respectively,  Figure 108 and Figure 109.  

Finally, a cytotoxicity, of polyMSEA was examined by cell viability assessments using 

human embryonic kidney cells (HEK 293).54 HEK 293 cells were grown in a 96 well tissue culture 

plate at a density of 10,000 cells/well for 24 hours. The monomer MSEA, linear polyMSEA (Mn= 

14,400, Mw/Mn= 1.40) and star polymer (polyMSEA)n-polyDVB (Mn = 33,450, Mw/Mn = 1.59) 

were dissolved in PBS at a concentration of 100 mg/mL and added to the tissue culture plate at 

different amounts. After 48 h, an ATP Cell Titer Glo® Assay was used and luminescence was 

measured and quantified as a percentage of the control wells.  As shown in Figure 97, both linear 

polyMSEA and (polyMSEA)n-polyDVB star showed no toxicity, even at concentrations up to 3 

mg/mL in comparison to the control group, the only cell without extra addition of chemicals. This 

result proved that polymeric analogues of DMSO prepared by ATRP possess a low cytotoxicity, 

similar to their monomeric counterpart: DMSO. However, the cell viability decreased by 90% for 

the monomer MSEA at concentration of only 0.1 mg/mL. Such high toxicity of MSEA is expected 

and should be due to the presence of reactive acrylate groups that can react with amine groups or 

thiol groups in the cell environment.55  
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Figure 97. HEK 293 Cell toxicity of linear polyMSEA (Mn = 14,400, Mw/Mn = 1.40), star polymer 

(polyMSEA)n-polyDVB (Mn = 33,450, Mw/Mn = 1.59) and monomer MSEA.   

In future work, the polymer will be evaluated for preparation of therapeutic protein-

polymer conjugates, use in gene knockdown therapy, and other applications requiring water-

soluble biocompatible polymeric materials. The immunogenicity of the polyMSEA-based bio-

hybrids will also be examined. 

 
A.4.  Conclusion 

In conclusion, the well-defined biocompatible polymeric analogues of DMSO, based on a 

sulfoxide-containing monomer 2-(methylsulfinyl)ethyl acrylate (MSEA), was prepared by ATRP. 

Well-defined star polymers were synthesized by two approaches, an “arm-first” approach with 

DVB as crosslinker and a “core-first” approach with a biodegradable β-cyclodextrin core. LCST 

of polyMSEA ca. 140 oC was estimated from NIPAM copolymers by extrapolation to pure 
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polyMSEA. Both linear polyMSEAs and star polymers, (polyMSEA)n-polyDVB, showed no 

cytotoxicity towards human embryonic kidney cells (HEK 293). Therefore, this polymer analogue 

of DMSO combines a set of following advantages: 1) straightforward synthesis from commercially 

available starting materials, 2) facile attachment onto a variety of biologically functional 

compounds/substrates, 3) low steric hindrance, high water-solubility and low cytotoxicity. This 

work represents a successful example of reinventing polymeric biomaterials from small molecule 

counterparts. We believe this new family of biomacromolecules could become highly important 

in the near future and potentially replace established polymers like PEG, polyOEGMA, 

polyNIPAM in a wide range of applications.  

 
A.5.  Experimental and supporting information 

 
Materials. 2-(Methylthio)ethanol (≥99%) was purchased from Alfa Aesar. Hydrogen 

peroxide solution (30%) was purchased from Fisher Scientific. Acrylic acid (≥99%), tin(II) 2-

ethylhexanoate (SnII(EH)2, ≥95%), methyl acrylate (≥99%), n-butyl acrylate (≥99%), 

poly(ethylene glycol) methyl ether acrylate (OEGA, average Mn = 480), N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, ≥99%),  N,N-dimethylamino 

pyridine (DMAP, ≥99%), copper bromide (≥99.99%), ascorbic acid, (AA, ≥99%), divinyl benzene 

(DVB, technical grade, 80%), ethyl α-bromoisobutyrate (EBiB, 98%) were purchased from Sigma 

Aldrich. Acrylic acid was distilled under vacuum before use. All acrylate monomers were passed 

through basic alumina columns before use. Tris(2-pyridylmethyl)amine (TPMA) was synthesized 

according to previous procedures.56 All solvents and other chemicals are of reagent quality and 

were used as received unless special treatments discussed below were applied.  
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Instrumentation. 1H nuclear magnetic resonance (1H NMR) measurements were 

performed on a Bruker Avance 300 MHz spectrometer. Molecular weight and molecular weight 

distribution (Mw/Mn) were determined by a combination of gel permeation chromatography and 

multi-angle light scattering (GPC-MALS). The GPC-MALS used a Waters 515 HPLC pump, 

Wyatt Optilab refractive index detector, Wyatt DAWN HELEOS-II multi-angle light scattering 

detector and PSS columns (Styrogel 102, 103, and 105 Å) with either 40 oC pure THF or 50 oC 50 

mM LiBr DMF solution as eluent phase at flow rate of 1 mL/min. Differential scanning calorimetry 

(DSC) was performed on a TA Instrument QA-2000 for three times each sample, involving the 

following steps: 1) hold at -80 oC for 2 min; 2) heat to 130 oC at rate of 10 oC/min, 3) hold for 2 

min; 4) cool down to -80 oC. Temperature-dependent dynamic light scattering (DLS) was 

performed on a Malvern Zetasizer Nano ZS. 

Synthesis of 2-(methylsulfinyl)ethyl acrylate (MSEA). 2-(Methylthio)ethyl acrylate 

(MTEA) was synthesized according to the previously reported procedure.31 In a typical oxidation 

procedure, 5 g MTEA (1 equiv.) was added to a 25 mL round bottom flask sealed with rubber 

stopper. The flask was kept in an ice bath and purged with N2 then 3.77 g hydrogen peroxide 

solution (1.1 equiv.) was slowly injected into the flask at rate of 50 μL/min. The reaction was 

allowed to stir for 24 h and was then stopped by adding 50 mL deionized water. The aqueous 

solution was washed 3 times with 100 mL dichloromethane. The organic phase was collected and 

dried over magnesium sulfate. Excess solvent was removed under vacuum to give 4.5 g pure 

product of MSEA (yield 81.2%). 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.38 (1H, dd, 

CHH═CH), 6.19 (1H, q, CHH═CH), 5.98 (1H, dd, CHH═CH), 4.49 (2H, m, C═OOCH2CH2), 

3.15 (1H, m, CH2CHHS═O), 2.99 (1H, m, CH2CHHS═O), 2.60 (3H, s, S═OCH3). 
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Synthesis of linear polyMSEA. The polymerization of MSEA was carried out using 

A(R)GET ATRP. In a typical AGET procedure, 8.6 mg EBiB (1 equiv.), 0.5 g MTEA (70 equiv.) 

0.69 mg copper (II) bromide (0.07 equiv.), 1.9 mg TPMA (0.15 equiv.), 0.1 mL DMF and 2.9 mL 

DMSO were mixed in a sealed 10 mL Schlenk flask equipped with a stirring bar. The Schlenk 

flask was degassed by three freeze-pump-thaw cycles. The flask was allowed to warm up to room 

temperature and placed in an oil bath thermostated at 35 °C. Deoxygenated ascorbic acid (AA) 

solution (5.4 mg in 0.1 mL DMSO) was injected into the flask under N2 purge to trigger the 

polymerization, and an initial sample (t = 0) was collected by syringe. Samples were taken 

periodically to measure conversion via 1H NMR and molecular weight via GPC. The polymer was 

precipitated in ether, purified by dialysis (MWCO = 100~500 Da) against water, and dried by 

lyophilization. In a typical ARGET procedure, 8.6 mg EBiB (1 equiv.), 0.5 g MTEA (70 equiv.) 

0.04 mg copper (II) chloride (0.007 equiv.), 0.2 mg TPMA (0.015 equiv.), 0.1 mL DMF and 2.9 

mL DMSO were mixed in a sealed 10 mL Schlenk flask equipped with a stirring bar. The Schlenk 

flask was degassed by three freeze-pump-thaw cycles. The flask was allowed to warm up to room 

temperature and placed in an oil bath thermostated at 35 °C. Deoxygenated ascorbic acid (AA) 

solution (1.1 mg in 0.1 mL DMSO) was injected into the flask under N2 purge intermittently over 

5 hr, and an initial sample (t = 0) was collected by syringe. Samples were taken periodically to 

measure conversion via 1H NMR and molecular weight via GPC. 

Measurement of reactivity ratios. The reactivity ratio measurements were carried out 

according to the Kelen-Tüdös approach.52, 53 For the MSEA/MA pair (monomer 1: MSEA, 

monomer 2: MA), four ARGET ATRP reactions were conducted with the ratio of reagents 

[MSEA]0/[MA]0/[EBiB]0/[AA]0/[Cu2Br]0/[TPMA]0 = x/(70-x)/1/0.7/0.07/0.15 in DMSO at the 

same concentration (1 M of all monomers), x = 60, 45, 25, 10. For the MSEA/nBA pair (monomer 
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1: MSEA, monomer 2: nBA), four ARGET ATRP reactions were conducted with 

[MSEA]0/[nBA]0/[EBiB]0/[AA]0/[Cu2Br]0/[TPMA]0 = x/(70-x)/1/0.7/0.07/0.15 in DMSO at the 

same concentrations as the above example, x = 60, 45, 35, 10. For the MSEA/OEGA pair 

(monomer 1: MSEA, monomer 2: OEGA), four different ratios of 

[MSEA]0/[OEGA]0/[EBiB]0/[AA]0/[Cu2Br]0/[TPMA]0 = x/(70-x)/1/0.7/0.07/0.15 in DMSO were 

carried out under the same concentrations as the above example, x = 60, 45, 35, 10. For the 

MSEA/NIPAM pair (monomer 1: MSEA, monomer 2: NIPAM), four different ratios of 

[MSEA]0/[NIPAM]0/[EBiB]0/[AA]0/[Cu2Br]0/[TPMA]0 = x/(70-x)/1/0.7/0.07/0.15 in DMSO 

were carried out under the same concentrations as the above example, x = 60, 45, 35, 25). The 

conversion of monomers was measured by 1H NMR. All reactions were stopped within 15 min to 

keep conversion low. 

Synthesis of star polymer (polyMSEA)n-polyDVB by “arm-first” approach.  

The polyMTEA macroinitiators were synthesized by ARGET ATRP. In a typical 

procedure, 0.222 g EBiB (1 equiv.), 10 g MTEA (60 equiv.) 17.8 mg CuBr2 (0.07 equiv.), 49.7 mg 

TPMA (0.15 equiv.) were mixed in a solution of 11 mL acetone and 0.5 mL DMF in a sealed 50 

mL Schlenk flask equipped with a stirring bar. The Schlenk flask was degassed by three freeze-

pump-thaw cycles. The flask was allowed to warm up to room temperature and placed in an oil 

bath thermostated at 35 °C. Deoxygenated ascorbic acid (AA) solution (140 mg in 0.5 mL DMF) 

was injected into the flask under a N2 purge to activate the polymerization, and an initial sample 

(t = 0) was collected by syringe. Samples were taken periodically to measure conversion via 1H 

NMR and molecular weight via GPC. The polymer with Mn = 3000 was isolated by precipitation 

in methanol and dried under vacuum.  
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The polysulfide star (polyMTEA)n-polyDVB was synthesized by ARGET ATRP using the 

aforementioned polyMTEA-Br as macroinitiator. In a typical procedure, 470 mg polyMTEA-Br 

(1 equiv.), 222 mg DVB (14 equiv.), 0.16 mg CuBr2 (0.01 equiv.) and 3.5 mg TPMA (0.1 equiv.) 

were mixed in a solution of 4.5 mL anisole and 0.1 mL DMF in a sealed 10 mL Schlenk flask 

equipped with a stirring bar. The Schlenk flask was degassed by three freeze-pump-thaw cycles. 

The flask was allowed to warm up to room temperature and then placed in an oil bath thermostated 

at 90 °C. A deoxygenated solution of 9.9 mg Sn(EH)2 in 0.5 mL anisole was injected into the flask 

under N2 purge to reduce the cupric complex and trigger the polymerization, and an initial sample 

(t = 0) was collected by syringe. Samples were taken periodically to measure conversion via 1H 

NMR and molecular weight via GPC-MALS. The final polymer was isolated by precipitation in 

ether to remove non-polymerized DVB and purified by dialysis (MWCO = 10,000 Da) against 

THF and dried under vacuum.  

The polysulfoxide star, (polyMSEA)n-polyDVB, was synthesized by post-oxidation. In a 

typical procedure, 0.1514 g (polyMTEA)n-polyDVB (1 equiv. per MSEA repeating unit) was 

dissolved in 1 mL deoxygenated THF in a sealed 10 mL round-bottom flask equipped with a 

stirring bar. 121.3 mg hydrogen peroxide solution (1.3 equiv.) was slowly injected at rate of 50 

μL/min and allowed to react for 72 h then the product was precipitated by addition of the solution 

to 10 mL THF and purified by dialysis (MWCO = 10,000 Da) against deionized water and dried 

under vacuum to give pure (polyMSEA)n-polyDVB. The molecular weight of star polymers was 

analyzed by GPC-MALS. 

Synthesis of β-CD-14Br ATRP initiator. The synthesis of macroinitiator was synthesized 

according to previous report.50 In a typical procedure, 10 g of β-cyclodextrin (β-CD, 8.81 mmol) 

was dried under vacuum overnight and placed in 250 mL round bottom flask. The β-CD was 
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dissolved in 100 mL of anhydrous 1-methyl-2-pyrrolidone (NMP) and the flask was placed in an 

ice bath. 2-Bromoisobutyryl bromide (BriBBr) (27 mL, 1.2 eq. to –OH) was dissolved in 

anhydrous NMP (50 mL) and slowly added to the β-CD solution. The solution temperature was 

allowed to warm up to room temperature and the reaction was stirred for 1 day. The dark brown 

solution was dialyzed against distilled water (MWCO = 500) for 1 week. The remaining product 

was concentrated at reduced pressure and crystallized in cold hexane to obtain a pale yellow solid 

product. The 1H NMR spectrum of the macroinitiator in CDCl3 is shown in Figure 102. The peak 

at ~ 2.0 ppm was from the solvent of NMP and the methyl groups on the bromo initiator sites. The 

functionality was calculated by equation: 𝛿ÆÆ./(𝛿Ðb × 3 × 7) . The functionality of the 

macroinitiator corresponded to 14 initiator sites per β-CD molecule with a purity of 95%.  

Synthesis of star polymer (polyMSEA)n-(β-CD) by “core-first” approach. The 

“grafting from” polymerization of MSEA was carried out using ARGET ATRP. In a typical 

procedure, 10 mg β-CD macro-initiator (1 equiv.), 0.5 g MSEA (70 equiv.) 1.38 mg copper (II) 

bromide (0.14 equiv.), 6.4 mg TPMA (0.5 equiv.), 3 mL DMF were mixed in a sealed 10 mL 

Schlenk flask equipped with a stirring bar. The Schlenk flask was degassed by three freeze-pump-

thaw cycles. The flask was allowed to warm up to room temperature. Deoxygenated ascorbic acid 

(AA) solution (5.4 mg in 0.1 mL DMF) was injected into the flask under N2 purge to trigger the 

polymerization, and an initial sample (t = 0) was collected by syringe. Samples were taken 

periodically to measure conversion via 1H NMR and molecular weight via GPC MALS.  

Determination of the LCST of polyMSEA. The polymers for LCST determination were 

prepared by copolymerizing different ratios of MSEA with N-isopropylacrylamide (NIPAM) by 

free radical polymerization (FRP). In a typical procedure, 100 mg MSEA (12 equiv.), 104.7 mg 

NIPAM (18 equiv.) and 8.53 mg AIBN (1 equiv.) were dissolved in 2 mL DMF in a 10 mL Schlenk 
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flask equipped with a stirring bar. The flask was sealed and degassed by three freeze-pump-thaw 

cycles. The flask was allowed to warm up to room temperature and placed in an oil bath 

thermostated at 70 °C. All reactions were allowed to reach ca. 99% conversion and the copolymers 

were precipitated by addition of the reaction mixture to ether. The final product was collected and 

dried in vacuum oven overnight. For DLS analysis, 30 mg of the as-dried copolymer was dissolved 

in 3 mL deionized water and passed through a 0.2 micron PTFE filter before tests.  

Cytotoxicity test. Human Embryonic Kidney Cells (HEK 293) were grown in a 96 well 

tissue culture plate at a density of 10,000 cells/well for 24 hours. 100 mg/mL solutions of the linear 

polyMSEA and (polyMSEA)n-polyDVB were prepared by mixing with 1x PBS which was then 

added to the tissue culture plate at concentrations of 10 µg, 30 µ, 100 µg, and 300 µg. All 

concentrations were tested in triplicate. The polymer was then incubated with the HEK 293 cells 

for 48 hours at 37°C in the presence of 5% CO2. After 48 hours, ATP Cell Titer Glo® Assay was 

used and luminescence was measured and quantitated as a percentage of the control wells.  
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Synthesis of Star Polymer 

 

Figure 98. Kinetic plot of ln([M]0/[M]) vs time (a), plots of Mn and Mw/Mn vs conversion. (Black 

filled square: Mn from GPC; Red curve: theoretical molecular weight) (b) and GPC traces (with 

40 oC THF as eluent and PMMA as calibration standards) for ARGET ATRP of MTEA (c). 

Conditions: [MTEA]0/[EBiB]0/[CuBr2]0/[TPMA]0/[AA]0 = 60/1/0.07/0.15/0.7, 35 oC in acetone. 
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Figure 99. GPC traces of (polyMTEA)n-polyDVB during ARGET ATRP. (The traces were cut 

off at ~32 min due to the presence of negative peak from dissolved air in DMF eluent phase) 
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Figure 100. Oxidation of star polymer from (polyMTEA)n-polyDVB to (polyMSEA)n-polyDVB. 

As oxidation proceeded, methylene proton a (4.1 ppm) shifted to a’ (4.3 ppm), methylene proton 

b (2.7 ppm) shifted to b’ (2.8 ~ 3.0 ppm), methyl proton c (2.1 ppm) shifted to c’ (2.6 ppm).  
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Figure 101. 1H NMR spectrum of β-CD-14Br macroinitiator. 
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Figure 102. GPC traces of β-CD-14Br macroinitiator before and after degradation in 5 wt% NaOH 

aqueous solution for 12 hr. (50 oC DMF 50 mM LiBr DMF solution as eluent phase with PMMA 

standard, red curve were only partially shown because the peak overlapped with internal standard 

peak at low molecular weight range)  

 

Figure 103. DSC analysis of star polymer (polyMSEA)n-polyDVB with Mn = 30,500 (Mw/Mn 

=1.59) (a) and linear polyMSEA with Mn = 5,200 (Mw/Mn =1.18) (b).  
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Figure 104. Volume-mean sizes of copolymers poly(MSEA-co-NIPAM)s with different 

compositions as a function of temperature in water.  
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2. LCST Study.  

 

Figure 105. Onset point of dispersity change of poly(MSEA-co-NIPAM)s with different molar 

compositions (from 10% to 50%) in water.  
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Figure 106. Size distribution of poly(MSEA-co-NIPAM)s with 60% molar fraction of MSEA in 

water at 92 oC. 

 

Figure 107. Transparent solution of polyMSEA (Mn = 14,400) in deionized water at r.t.. 

(Concentration = 359 mg/1 mL, same as solubility of NaCl in water at same temperature) 
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3. Determination of Reactivity Ratios 

Kelen-Tüdös method. The ultimate composition of copolymers depends on the reactivity 

ratios of comonomers. Therefore, it was necessary to determine the reactivity ratios of the MSEA 

monomer with a range of other comonomers. The reactivity ratios of four different comonomer 

pairs were evaluated by the Kelen-Tüdös method. They were MSEA/MA, MSEA/nBA, 

MSEA/OEGA500 and MSEA/NIPAM, respectively.52, 53 The relationship of ηC vs. ξC was plotted 

according to Eq. S1.   
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ηC and ξC were calculated according to Equation S2 and Equation S3 where mi represent the 

concentration of polymerized repeating units of monomer i, Mi0 and Mi represent the initial and 

final concentrations of monomer i. Values r1 and r2 and were calculated from slope and intercept 

of the fitted plot in Figure 104 and Equation S1. Parameter α is defined by Equation S4. Figure 

105 shows the Mayo-Lewis plots, in which f1 is the initial feed fraction of MSEA, F1 is the ultimate 

polymer composition fraction of MSEA. For comonomer pair MSEA/MA, reactivity ratios r1 = 

0.49, r2 = 1.01 were calculated. For comonomer pair MSEA/nBA, they were r1 = 0.49, r2 = 0.83; 

for comonomer pair MSEA/OEGA (MW 480), r1 = 0.77, r2 = 0.30 and for MSEA/NIPAM, r1 = 

1.24, r2 = 0.42. In all four pairs, MSEA was defined as comonomer 1. These results indicated, the 

tendency to form statistical copolymers with a preference for alternation. The reactivity ratio was 
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also calculated by the Fineman-Ross approach, which showed good agreement with the Kelen-

Tüdös method (Figure 106).  

 

Figure 108. Kelen-Tüdös plots of four monomer pairs 
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Figure 109. Mayo-Lewis plot of four monomer pairs based on reactivity ratio from Kelen-Tüdös 
apporach 
 

Fineman-Ross method. The Fineman-Ross method is based on the equations S5-S7. f1 is 

defined as the initial monomer concentration ratio (Equation S5). F1 is defined as the polymer 

composition ratio (Equation S6). r1 and r2 were obtained by extrapolating Equation S7 as shown 

in Figure 106. As calculated by Fineman-Ross approach, for MSEA/MA pair, r1 = 0.5 r2 = 1.2. For 

MSEA/nBA pair, r1 = 0.66, r2 = 1.14. For MSEA/OEGA pair, r1 = 0.71, r2 = 1.22. For 

MSEA/NIPAM pair, r1 = 1.04, r2 = 0.17. The results were in agreement with the results from the 

Kelen-Tüdös approach.  
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Figure 110. Fineman-Ross plots of four monomer pairs. 
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Appendix B.  Cationic Hyperbranched Polymers with 

Biocompatible Shells for siRNA Delivery 

B.1.  Preface 

The polyDMSO described in Appendix A possesses the combined-advantage of low 

toxicity and low steric hindrance. In collaboration with Prof. Yuji Mishina from University of 

Michigan, I further explored the application of this type of polymer in siRNA delivery to 

knockdown Runt-related transcription factor 2 (Runx2) expression that is responsible for the 

development of heterotopic ossification (HO), an urgent clinical concern. This work resulted in a 

first author publication in Biomacromolecules - Sipei Li, Maiko Omi, Francis Cartieri, Dominik 

Konkolewicz, Gordon Mao, Haifeng Gao, Saadyah E. Averick, Yuji Mishina, and Krzysztof 

Matyjaszewski, “Cationic Hyperbranched Polymers with Biocompatible Shells for siRNA 

Delivery”, Biomacromolecules 2018, 19, 3754-3765. 

I would especially like to thank Prof. Saadyah Averick, Prof. Yuji Mishina and Maiko Omi 

for their contribution in experiment design and manuscript writing. I would also like to thank Prof. 

Dominik Konkolewicz and Prof. Haifeng Gao for their contribution in analysis of degree of 

branching. I would also like to thank Maiko Omi, Francis Cartieri and Gordon Mao for their 

contribution in bio-related characterizations.  

This work is supported by National Institutes of Health R01DE020843 and the NSF DMR 

1501324. 

B.2.  Introduction 

RNA interference (RNAi) is the process of post-transcriptional silencing of gene 

expressions triggered by short interfering RNA (siRNA). The therapeutic potential of RNAi has 

been far-reaching since it can prevent the production of targeted proteins that could lead to diseases, 
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including inherited disorders, some types of cancers and certain viral infections.1-9 For example, 

heterotopic ossification (HO) is of an urgent clinical concern, it may occur as a consequence of 

musculoskeletal trauma from blast and high-energy injuries, total joint arthroplasty (TJA), 

traumatic brain injury, or spinal cord injury.10-12 Contemporary treatments of HO such as anti-

inflammatory drugs and radiation therapy have adverse effects and are not inherently designed to 

correct the molecular mechanism of the etiology of HO. It was suggested the cause of HO may be 

due to dysregulated signals in the bone morphogenetic protein osteogenic cascade. siRNA delivery 

against Runt-related transcription factor 2 (Runx2) genes can potentially decrease messenger RNA 

expression, inhibit activity of the osteogenic marker alkaline phosphatase (ALP) and thus abrogate 

HO.13 However, the selective delivery of siRNA into cells has been a challenge since unmodified 

siRNA that is unstable in bloodstream can be immunogenic and difficult to pass through cell 

membranes.2, 14 There are two major types of siRNA carriers to facilitate the delivery, viral and 

nonviral systems.15, 16 The viral system is risky due to potential virus replication and inflammation 

reactions. Therefore, development of efficient nonviral carriers based on cationic lipids or 

synthetic polymers has become a more promising option.15, 17-28 

Positively charged polymers can generate polyplexes with negatively charged siRNA and 

thus improve the transfection of siRNA into cells via adsorptive endocytosis.29, 30 Some cationic 

polymeric materials include chitosan,24 cationic polypeptides,31 cationic lipids,32 polyethylenimine 

(PEI),33, 34 quaternized or non-quaternized poly(2-(dimethylamino)ethyl methacrylate) 

(polyDMAEMA)35, 36 poly(meth)acrylates with tertiary sulfonium groups,37 etc. However, 

polymers with the “naked” positive charges on the surface can cause toxic effect to cell survival 

and non-specific gene suppression. Such surface charges can be “screened” by incorporating 

biocompatible segments of poly(ethylene glycol) (PEG) or poly(oligo(ethylene glycol) 



 248 

methacrylate) (polyOEGMA) via “PEGylation”.38-41 These biocompatible segments can be 

introduced in a block copolymer structure that contains PEG or polyOEGMA as a second block, 

but can still interact with siRNA to form biocompatible micelles under heterogeneous conditions.42, 

43 Another approach is to use multicomponent cationic nanogels prepared from emulsion, which 

shows higher structural stability than micelles. As an example, a biocompatible nanogel made of 

quaternized DMAEMA, OEGMA and crosslinkers was previously synthesized in 

microemulsion.44 It showed promise for both plasmid DNA (pDNA) and siRNA delivery.44 

However, the preparation of either micelles or multicomponent nanogels employs assembly or 

polymerization under heterogeneous conditions and requires extensive post-purifications.45 

Alternatively, biocompatible cationic polymeric carriers can be prepared under homogeneous 

conditions in the form of dendritic polymers, such as multi-arm polymers,46 hyperbranched 

polymers (HBP),47-50 and star-like polymers with a cationic crosslinked core.17, 36 

Hyperbranched polymers (HBP) possess interesting properties such as abundance of 

intramolecular cavities, high surface functionality, high solubility and unique viscosity, compared 

to their linear analogues.51-54 Because of these properties, HBP can have much higher transfection 

efficiency than their linear analogues with a similar molecular weight.55 46, 56-59 Hyperbranched 

cationic polymers can be easily synthesized by self-condensing vinyl polymerization (SCVP) 

using controlled radical polymerization on a large scale.60-65 However, due to combination of step-

growth and chain-growth mechanisms, HBP with higher degree of branching (DB) can only be 

achieved at the cost of broad molecular weight distribution. Recently, it was demonstrated that 

synthesis of HBP in microemulsion provides polymers with much lower dispersity.66 Yet, to 

prepare HBP with low dispersity under homogeneous conditions remained to be an unsolved 

problem. 
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Another challenge for successful siRNA delivery is the choice of biocompatible segments. 

Recent reports of immunogenicity issues of PEG-based polymers have come to light primarily due 

to the abundance of modern drugs and cosmetics which employ PEG or polyOEGMA as a part of 

their formulation.67 Moreover, if OEGMA is densely grafted to the core, it may sterically hinder 

the complexation with siRNA and diminish the efficiency of gene silencing. Thus, development 

of new biocompatible polymers for siRNA delivery is welcomed.67, 68 Recently, the synthesis of a 

highly biocompatible polymeric analogue of dimethyl sulfoxide (DMSO) (poly(2-(methylsulfinyl) 

ethyl acrylate)) by atom transfer radical polymerization (ATRP) was reported.69 The polymer 

showed very high hydrophilicity and also much smaller steric hindrance than OEGMA.70-72 

Therefore, the efficiency of this new type of polymer as protective layers and comparison to 

polyOEGMA for siRNA complexation and delivery were investigated.  

Herein, we report a direct synthesis of cationic HBP with low molecular weight dispersity 

via activator generated by electron transfer (AGET) ATRP.61, 73-75 SCVP of a cationic inimer 

bearing a quaternary ammonium group was successfully conducted. The degree of branching (DB) 

was adjusted (16 %, 22 % and 34 %) by changing the ratio of activator to deactivator in an AGET 

ATRP process. Due to the use of charged inimers, the charge-charge repulsion between each 

growing chain reduced the oligomer coupling and generated HBPs with relatively low dispersity 

(<1.8) even at DB of 34 %. To increase the biocompatibility and decrease the toxic effect of the 

cationic HBP core, a biocompatible shell layer based on either polyOEGMA or poly(2-

(methylsulfinyl) ethyl methacrylate) (abbreviated as polyDMSO) was introduced via surface 

initiation polymerization of the corresponding monomers from the cationic core using activator 

regenerated by electron transfer (ARGET) ATRP. Both of the core-shell structures had low 

cytotoxicity down to 1 mg/mL. Due to the lower steric hindrance, the polyDMSO-based HBP 
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showed higher complexing efficiency with siRNA. The long-term efficacy of cationic polymer-

mediated RNAi attack on Runx2 expression in wild-type osteoblasts cells was determined by using 

quantitative real-time polymerase chain reaction detection. The assessment of mineralized nodule 

formation in osteoblast cultures was conducted by the Alizarin Red S staining. While the naked 

HBP core showed non-specific gene suppression due to cytotoxicity, the biocompatible core-shell 

structures were crucial to minimizing undesired cytotoxicity and non-specific gene suppression. 

PolyDMSO-HBP showed higher efficacy of forming polyplexes with siRNA than polyOEGMA-

HBP due to lower steric hindrance of the polyDMSO shell. Interestingly, the gene silencing 

efficacy of both polyOEGMA-HBP and polyDMSO-HBP was similar and comparable to 

Lipofectamine. The results indicated that the core-shell polymer strategy based on a cationic HBP 

core may have long-term potential for treatment of HO without any undesirable cytotoxic effects. 

 
B.3.  Results and discussion 

Synthesis of cationic hyperbranched polymers (HBPs).  

An ATRP inimer bearing a quaternary ammonium group was synthesized by Menshutkin 

reaction of 2-bromoethyl α-bromoisobutyrate with DMAEMA in dimethylformamide (DMF), a 

polar aprotic solvent, at 35 oC.48, 62, 76 The reaction was completed within 2 hours; the inimer yield 

was 98% after purification. Hyperbranched polymers were prepared via SCVP using AGET ATRP 

of this inimer with CuBr2/ tris(2-pyridylmethyl)amine (TPMA) complexes as the catalyst source 

and ascorbic acid as reducing agent to generate CuI species (Scheme 12).  
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Scheme 12. (a) Synthesis of cationic hyperbranched polymers (HBP). Conditions: 

[inimer]/[ascorbic acid]/[CuBr2]/[TPMA] =50/x/4/6 (35 oC, DMSO, 38 wt%, x = 0.3, 1.3 or 4.4). 

(b) Mechanism of AGET ATRP involving activation and deactivation. (c) Reaction mechanism of 

the first three steps in a SCVP process. 
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    Three different amounts of reducing agents were used: [cationic inimer]/[ascorbic 

acid]/[CuBr2]/[TPMA] =50/x/4/6, where x = 0.3, 1.3 or 4.4. SCVPs were conducted at 35 oC in 

DMSO using 38 wt% of inimer, Table 10.  After one hour, conversion exceeded 95 % in all 

polymerizations. By using different amount of reducing agent, the feed ratios of [CuI/TPMA] 

activator to [CuII/TPMA] deactivator was adjusted. By increasing the ratio of ascorbic acid to 

CuBr2 from 0.3 to 4.4, the DB decreased from 34 % to 16 %. This is because at lower concentration 

of reducing agent, and consequently higher concentration of deactivator, the deactivation rate was 

faster to allow both types of initiating sites to be activated at statistical ratio, leading to higher DB. 

Meanwhile, a lower concentration of deactivator facilitated chain propagation, i.e., reaction of a 

radical with more vinyl groups, in one activation deactivation cycle, leading to low primary chain 

segment and low DB, Error! Reference source not found.. The details of calculation of DB are 

included in supplementary information.66, 77   

Table 10. Molecular weight, dispersity (Đ) and degree of branching (DB) of cationic HBPs. 

Reaction # [Asc. A.]/[CuBr2] Conversion Mnb Đb DB 

HBP-1 

HBP-2 

HBP-3 

0.3/4 

1.3/4 

4.4/4 

98.3 % 

98.1 % 

97.0 % 

5,700 

19,000 

14,200 

1.78 

1.81 

1.49 

34 % 

22 % 

16 % 
a Feed ratio of [ascorbic acid] to [CuBr2] 
b Number averaged molecular weight and MW dispersity determined by SEC-MALS in pure DMF  
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Figure 111. SEC traces of the cationic hyperbranched polymers with different DB. 
 

Generally the formation of hyperbranched structures follows the step/chain-growth 

mechanism.78 As a result, the polymerization is accompanied by random polymer-polymer 

coupling which leads to extremely broad molecular weight distribution.66, 79 Recently, it was 

shown that confining growing polymers in droplets of microemulsions gives low molecular weight 

dispersity below 2. This is due to the fact that growing chain-end of radicals in separate droplets 

have diminished chance of random polymer-polymer coupling.66 The molecular weights of the 

cationic HBPs were measured by SEC in pure DMF eluent phase without addition of any salt. SEC 

traces of all the polymers showed monomodal distribution, indicating relatively homogeneous 

structure. Interestingly, all the HBPs showed relatively narrow molecular weight distribution. 

Polymer with DB of 34% had molecular weight of 5700 and dispersity Đ = 1.78, Figure 111. With 

lowered DB, the molecular weight increased, indicating larger fraction of linear structural units. 

Such low molecular weight dispersity could be due to the charge-charge repulsion between each 

growing chain, which reduces the chance of oligomer coupling and favors the reaction of inimers 

1 100 10000 1000000
Molec u lar weig h t

 D B : 34%
 D B : 22%
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with existing chains. With sufficient amount of Cu(II) species, the polymerization can still generate 

DB as high as 34 %.    

 

 

Scheme 13. Schematic representation of two types of core shell systems, polyOEGMA-HBP and 

polyDMSO-HBP. 

Synthesis of biocompatible core-shell structures 

As the surface of the HBPs contains abundant initiating bromine sites and cationic species, 

the cytotoxicity can be reduced by grafting biocompatible polymers from the surface of the HBP 

to form core-shell structures. In order to achieve high transfection efficiency,55 HBP samples with 

the highest DB of 34 % were selected for the subsequent synthesis of core-shell structures, Scheme 

13. OEGMA as a common “PEGylation” agent has been widely used to improve biocompatibility 

in biofunctional polymers synthesized by controlled radical polymerizations. On the other hand, a 

novel biocompatible polymeric analogue of DMSO, poly(2-(methylsulfinyl)ethyl acrylate), has 

been also developed. This polymeric analogue of DMSO possesses high biocompatibility, high 
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water-solubility and smaller steric hindrance compared to polyOEGMA. In this work, we 

introduce a methacrylate version of the polymer based on monomer of 2-(methylsulfinyl)ethyl 

methacrylate (MSEMA). OEGMA (MW=500) or MSEMA were grafted from the cationic HBP to 

form core-shell structures polyOEGMA-HBP and polyDMSO-HBP respectively, Scheme 13. The 

conditions for the synthesis of polyOEGMA-HBP are [OEGMA]/[per Br]/[Ascorbic 

Acid]/[CuBr2]/[TPMA]=100/1/2/0.6/0.8 (m/v = ¼) in DMSO at 40 oC. Three samples with 

different sizes of shell were synthesized. As shown in Table 11, core-shell structures 

polyOEGMA-HBP with shell DP of 5, 48 and 95 were synthesized. SEC traces showed that the 

core shell structures had low molecular weight dispersity below 1.4, Figure 3a.  With the shell DP 

increased from 5 to 95, the molecular weight analyzed by SEC MALS increased from 31,500 to 

1,500,000, Figure 112. The synthesis conditions for polyDMSO-HBP are [MSEMA]/[per 

Br]/[Ascorbic Acid]/[CuBr2]/[TPMA]=100/1/2/0.6/0.6 (m/v = 1/8) in DMSO at 40 oC. Three 

samples with different shell DPs, i.e., 5, 35 and 45 were synthesized at different conversions. The 

SEC curves showed that all the polymers have monomodal distribution. As the DP increased from 

5 to 45, the molecular weight by SEC MALS increased from 15,900 to 62,100 with dispersity 

increased from 1.41 to 1.73, Figure 112. 

Table 11. Two types of core-shell structures.a 

 # Shell 
Type 

Shell 
DPb  

Core-Shell 
MnSEC 

Core-Shell  
Đ 

Core-Shell 
MnLS 

Zetac 
(mV) 

Sized 
(nm) 

A PolyOEGMA 5 8500 1.37 31500 +10.1 10.6 
B PolyOEGMA 48 69300 1.21 95100 +1.3 14.0 
C PolyOEGMA 95 127000 1.33 1500000 +1.2 20.1 
D PolyDMSO 5 2800 1.41 15900 +12.7 7.7 
E PolyDMSO 35 20800 1.73 41300 +1.49 10.5 
F PolyDMSO 45 28600 1.73 62100 +1.38 12.6 

a All structures were based on core with DB of 34 %. 
b Degree of polymerization of each side chains. 
c Surface charge of the core-shell structures 
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d Volume-mean size determined by DLS 
 
 
 
 

 
Figure 112. (a) SEC traces of polyOEGMA-HBP star polymers and (b) SEC traces of polyDMSO-

HBP star polymers. 

Biocompatibility and siRNA complexation 

Since cell toxicity of siRNA delivery material is the major obstacle that limits the use of 

siRNA for therapeutic applications, cell toxicity of the polymers was first examined on SH-SY5Y 

epithelial neuroblastoma cells. To determine the siRNA complexation efficiency of the HBP and 

core-shell structures, agarose gel shift assays were conducted for the polymers. Negative control 

siRNA from IDT DNA was used in the experiment. The HBP with a DB of 34 % showed a 

hydrodynamic volume-mean size of 3.37 nm and a zeta potential of +38.1 mV indicating high 

concentration of positive charges on the surface of HBP, Error! Reference source not found.a. 

The HBP formed polyplexes with siRNA at a weight ratio of polymer/siRNA = 4/1, Error! 

Reference source not found.b. However, due to the surface charge, the HBP became highly toxic 

upon concentration of 0.33 mg/mL, Error! Reference source not found.c. By grafting a 

biocompatible shell from the cationic core, the hydrodynamic size of the core-shell structures 

	

1 100 10000 1000000 1E 8
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increased while the positive surface charge decreased as expected, Table 11. Core-shell structure 

polyOEGMA-HBP with a shell DP of 5 had a hydrodynamic size of 10.6 nm and a zeta potential 

of +10.1 mV. In comparison, polyDMSO-HBP with the same shell DP has a smaller size of 7.7 

nm and a larger zeta potential of +12.7 mV. Crucially, both of the structures showed equally 

improved biocompatibility than the naked HBP core, Figure 113.  

 

Figure 113. Cytotoxicity of SH-SY5Y epithelial neuroblastoma cells treated with (a) 

polyOEGMA-HBP with shell DP 5 and (b) polyDMSO-HBP with shell DP 5. HBP core with DB 

of 34 % were used for grafting shell.  

In agarose gel experiment, polyOEGMA-HBP with a shell DP of 5 was observed to form 

complexes with negative control siRNA at polymer/siRNA weight ratio of 20/1 and formed 

complete complexes at weight ratio of 400/1, Figure 114a. When the shell DP was increased to 48, 

the polymers did not bind to siRNA at weight ratio of polymer/siRNA lower than 200/1 and no 

complexes were formed up to weight ratio of 400/1 for polyOEGMA-HBP with shell DP of 95, 

Error! Reference source not found.5. This observation indicated that lowering the steric 

hindrance of the biocompatible shell can increase the siRNA complexing efficiency. In comparison, 
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polyDMSO-HBP with shell DP of 5 was observed to start to form complex with negative control 

siRNA at a weight ratio of 10/1 and fully formed complexes at 200/1, Figure 114b. Moreover, for 

polyDMSO-HBP with shell DP of 45, complexes started to form at a weight ratio of 40/1 (5 times 

lower than polyOEGMA-HBP with same shell DP, Error! Reference source not found.. Such 

an observation indicated that due to the smaller steric hindrance and low cytotoxicity, polyDMSO 

can provide similar biocompatibility enhancement as polyOEGMA while with higher siRNA 

binding efficiency. Moreover, because the lower steric hindrance arises from the lower molecular 

weight of the polymer shell, the actual loading of cationic charges is also higher, which 

synergistically improved the complexing efficiency. The stability of siRNA polyplexes was 

assessed by agarose gel electrophoresis, Error! Reference source not found.. Interestingly, the 

results suggest that polyDMSO-HBP polyplexes are more stable than polyOEGMA polyplexes in 

culture media containing 10% FBS up to 2 days. 

 

Figure 114. Agarose gel of (a) core-shell structure polyOEGMA-HBP and (b) core-shell structure 

polyDMSO-HBP at weight ratios of polymer/siRNA from 0.16/1 to 400/1. Both polymers with 

shell DP = 5. 

Effects of cationic polymers without siRNA on osteogenic differentiation  

We then examined the cytotoxicity of a series of different concentrations of HBP core 

polymers and core-shell structures on primary osteoblasts by cell counting. Figure 115a shows that 

(a) (b) 
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cell proliferation was largely unaltered by 2.5 µg/mL of hyperbranched polymer treatments after 

5 days in culture, while 10 µg/mL of the naked HBP core significantly decreased osteoblast 

number after 5 days, Figure 115b, suggesting the degree of cytotoxicity caused by the HBP core. 

To verify if cationic HBP core alone affect the gene expression in osteoblasts, cells were treated 

with each polymer without siRNA. Results indicated that all polymers at 2.5 µg/mL had no 

significant effect on Runx2, Osx and Alp expressions compared to untreated groups at 30 h, Figure 

115c,  and at 7 days, Figure 115e, after the treatment. However, HBP core at 10 µg/mL 

significantly reduced Osx expression at 30 h, Figure 115d and Alp expression at day 7, Figure 115f, 

indicating non-specific gene suppression by the HBP core treatment. Next, an assessment of 

mineralized nodule formation in osteoblast cultures was conducted by the Alizarin Red S staining. 

Cells were cultured with osteogenic differentiation medium for 14 days. Figure 5g shows that the 

delivery of polyOEGMA-HBP and polyDMSO-HBP alone had no impact on osteoblast 

mineralization after 14 days in culture, while HBP core both at 2.5 µg/mL and 10 µg/mL resulted 

in reduced alizarin red positive colonies, indicating a decrease in mineralization, Figure 115g and 

h. Although we have demonstrated that HBP core at low concentration does not show toxicity for 

cell survival, Error! Reference source not found.c, the long-term treatment with low doses of 

the HBP core shows negative impact on osteogenic ability of the primary osteoblasts. These results 

suggest that biocompatible shells such as polyOMEGA and polyDMSO are crucial to minimizing 

undesired cytotoxicity and non-specific gene suppression of the cationic HBP core.  
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Figure 115. Effects of HBP polymers and core-shell structures on osteoblast proliferation and 

differentiation at 2.5 µg/mL (a, c, e and g) and 10 µg/mL (b, d, f and h). (a, b) The rate of cell 

growth by polymer treatments after 5 d in culture. (c, d) Effect of polymers on both Runx2 and 

Osx gene expressions compared to untreated groups at 30 h. (e, f) The gene expression levels after 

polymer treatment at day seven. (g, h) The effect of treatment of polymers on osteoblast 

mineralization after 14 d in culture in alizarin red positive colonies. Data expressed as mean ± SD 
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of three replicate determinations. Significant differences between PBS-treated cells vs. polymer-

treated cells. **p<0.01, *p<0.05.  

 

Polymer-mediated RNAi attack on Runx2 expression  

The efficacy of cationic polymer-based RNAi against Runx2 expression in osteoblasts was 

determined by using quantitative real-time PCR. Cells were treated with the siRNA polyplexes 

and incubated in media containing 10% serum for 24 h prior to rhBMP-2 delivery. Analysis of 

Runx2 gene expressions was conducted after 6h of the rhBMP-2 treatment, Figure 116a. The 

commercially available lipid-based siRNA delivery reagent, Lipofectamine, was used as a 

reference for gene silencing. For transfection, the siRNA-Lipofectamine complexes were 

incubated in serum-free media for 6 h. The delivery of scramble siRNAs by cationic polymers was 

conducted to determine if the gene silencing capabilities of polymer-based RNAi were sequence 

specific. Results indicated that scramble siRNAs delivered by polyOEGMA-HBP and 

polyDMSO-HBP, with a polymer/siRNA weight ratio at 20/1, had no significant effect on Runx2 

expression compared to cells receiving rhBMP-2 treatments without siRNA, Figure 116b. The 

cells treated with the various siRNA polyplexes showed a significant decrease in Runx2 expression 

compared to rhBMP-2 treated cells without siRNA, Figure 116c. For polyOEGMA-HBP, a 

polymer/siRNA weight ratio at 5/1 resulted in a significant reduction in Runx2 expression of 59.2 

± 13.8% (p < 0.05), while a polymer/siRNA weight ratio at 20/1 resulted in Runx2 knockdown of 

18.9 ± 27.5% (p = 0.38). For polyDMSO-HBP, polymer/siRNA weight ratios both at 5/1 to 20/1 

exhibited significant Runx2 mRNA reductions of 77.2 ± 2.9% (p < 0.01) and 55.1 ± 8.7% (p < 

0.05), respectively. Each polymer showed silencing efficiencies comparable to Lipofectamine 

(68.2 ± 11.9% gene suppression). It is notable that Runx2 mRNA levels were knocked down by 
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polymer-based RNAi treatments to levels consistent with untreated cells. For HBP core, 

polymer/siRNA weight ratios ranging from 5/1 to 20/1 elicited significant reductions in Runx2 

expression of 53.6 ± 15.7% (p < 0.05) and 72.3 ± 15.3% (p < 0.01), respectively, Error! Reference 

source not found.. This is likely due to the toxic effects caused by HBP core based on the results 

shown in Figure 115, and thus non-specific reductions in gene expression. Additionally, Runx2 

siRNA delivery with core-shell structured polymers had no significant effect on Osx expression at 

6h after the treatment, Error! Reference source not found., indicating that RNAi using polymers 

developed here allows targeted gene-specific silencing. 

 

Figure 116. The cationic hyperbranched polymer-based RNAi against Runx2 in primary 

osteoblasts by delivery of Runx2 siRNAs at 20 pM doses. (a) Schematic of experimental time 

course. The siRNA polyplexes were delivered 24 h prior to delivery of recombinant human bone 

morphogenetic protein 2 (rhBMP-2, 100 ng/mL). Analysis of mRNA expression was conducted 

after 6 h of treatment by rhBMP-2. (b) Gene silencing effects on Runx2 mRNA expressions by 
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polymer/scramble siRNAs polyplexes compared to rhBMP-2 treated cells without siRNA. (c) 

Gene silencing effects on Runx2 mRNA expressions by polymer/siRNAs polyplexes. Data 

expressed as mean ± SD of three replicate determinations. **p<0.01, *p<0.05, vs rhBMP-2 treated 

cells without siRNA. 

Effect of polymer-mediated Runx2 knockdown on osteoblast differentiation 

To address whether the polymer-based RNAi can alter biological function of osteoblasts, 

osteogenesis was induced with rhBMP-2 and cultures were treated with siRNA polyplexes against 

Runx2 every 48 h cycle for 14 days, then deposition of mineral was assessed by Alizarin red S 

staining, Error! Reference source not found.a. Results indicated that scramble siRNAs delivered 

by polyOEGMA-HBP and polyDMSO-HBP, at a polymer/siRNA weight ratio at 20/1, or 

treatment of siRNA alone without polymers, Error! Reference source not found., and had no 

significant effect on mineral deposition compared to rhBMP-2 treated cells without siRNA. RNAi 

treatments against Runx2 with polyOEGMA-HBP and polyDMSO-HBP, with polymer/siRNA 

weight ratios at 20/1, resulted in significant reductions in mineral deposition in osteoblasts 

compared to cells receiving rhBMP-2 treatments without siRNA, Error! Reference source not 

found.b & c). Areas of nodules in the treatment groups were similar to those in rhBMP-2 untreated 

cells, and this level of reduction was comparable with that of Lipofectamine (all p < 0.01). These 

results suggest that repeating the polymer-based siRNA transfection several times on the same 

cells provides long-term silencing efficiency. Overall, the gene silencing efficacy of each core-

shell structures was comparable to Lipofectamine. Further, there were no apparent cytotoxic effects 

by both polyOEGMA-HBP and polyDMSO-HBP treatment. Therefore, the hyperbranched core-
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shell structures may have potential for efficient gene silencing without any undesirable cytotoxic 

effects.  

 

 
Figure 117. Alizarin red staining was performed after siRNA against Runx2 transfections. (a) 

Schematic of experimental time course. RNAi treatments against Runx2 were delivered 24 h prior 

to delivery of rhBMP-2. Cell culture media were refreshed in conjunction with RNAi treatments 

and rhBMP-2 every 2 days for the duration of the study. After 14 d in culture, mineral deposition 

in osteoblasts was assessed by Alizarin red staining. (b) The scramble siRNAs delivered by 

polyOEGMA-HBP and polyDMSO-HBP, a polymer、 siRNA weight ratio at 20/1, had no 

significant effect on mineral deposition compared to rhBMP-2 treated cells without siRNA. RNAi 
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treatments against Runx2 with polyOEGMA-HBP and polyDMSO-HBP, a polymer/siRNA weight 

ratio at 20/1, resulted in significant reductions in mineral deposition in osteoblasts compared to 

cells receiving rhBMP-2 treatments without siRNA. (c) The percentage of nodule area was 

measured using ImageJ. Data expressed as mean ± SD of three replicate determinations. **p<0.01, 

vs rhBMP-2 treated cells without siRNA. 

 
B.4.  Conclusion 

In conclusion, cationic hyperbranched polymers (HBP) were synthesized by SCVP of an 

ATRP inimer containing a quaternary ammonium moiety with a cationic charge. By tuning the 

ratio of activator to deactivator, the degree of Branching (DB) of the HBP could be tuned from 

16 % to 34 %. The cationic HBP showed efficient siRNA complexation but high cytotoxicity. In 

order to improve biocompatibility, two types of core-shell structures polyOEGMA-HBP and 

polyDMSO-HBP were synthesized from the cationic HBP core with DB of 34 %. Both type of 

core-shell structures displayed improved biocompatibility up to 1 mg/mL with SH-SY5Y 

epithelial neuroblastoma cells. Due to the lower steric hindrance of polyDMSO compared to 

polyOEGMA shell, the polyDMSO-HBP polymer showed much higher siRNA complexing 

efficiency than polyOEGMA-HBP. The efficacy of cationic polymer-based RNAi against Runx2 

expression in osteoblasts was determined by using quantitative real-time PCR and the osteoblast 

differentiation was determined using Alizarin red S staining. The analysis indicated that the HBP 

core showed non-specific gene suppression while both the core-shell structures showed long-term 

specific gene suppression against Runx2 expression with efficacy comparable to the commercial 

agent Lipofectamine. This work is the first example of successful use of the new biocompatible 

polymer polyDMSO for gene knockdown and the use of HBP based core-shell structures showed 

promise for long-term treatment of HO.  
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B.5.  Experimental sections and supporting information 

Materials. 2-Bromoisobutyric acid (98 %), 2-bromoethanol (95 %), 2-

(dimethylamino)ethyl methacrylate (DMAEMA, 98%), poly(ethylene glycol) methyl ether 

methacrylate  (OEGMA, MW=500), methacrylic acid (99 %), N-(3-dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC, ≥99 %),  N,N-dimethylamino pyridine (DMAP, ≥ 99%), 

copper bromide (≥ 99.99%), ascorbic acid, (AA, ≥99 %) were purchased from Sigma Aldrich. 2-

(Methylthio)ethanol (≥ 99%) was purchased from Alfa Aesar. Hydrogen peroxide solution (30 %) 

was purchased from Fisher Scientific. All methacrylate monomers were passed through basic 

alumina columns before use. Tris(2-pyridylmethyl)amine (TPMA) was synthesized according to 

previous procedures.80 All solvents and other chemicals are of reagent quality and were used as 

received unless special treatments discussed below were applied.  

Instrumentation. 1H NMR measurements were performed on a Bruker Avance 300 MHz 

spectrometer. Molecular weight and molecular weight distribution (dispersity, Đ) were determined 

by size exclusion chromatography (SEC) equipped with a Waters 515 HPLC pump, Wyatt Optilab 

refractive index detector, Wyatt DAWN HELEOS-II multi-angle light scattering detector and PSS 

GRAM columns containing polyester copolymer networks at 50 oC. The cationic hyperbranched 

polymers were analyzed in pure DMF phase at flow rate of 1 mL/min. The core-shell structures 

were analyzed in 50 mM LiBr DMF solution as eluent phase at flow rate of 1 mL/min.   

Synthesis of cationic ATRP inimer. 2-Bromoethyl α-bromoisobutyrate was synthesized 

by esterification between 2-bromoethanol and 2-bromoisobutyric acid. In a typical procedure, 3.4 

g 2-bromoethanol (1 equiv.), 5 g 2- bromoisobutyric  acid (1.1 equiv.), 6.38 g EDC (1.5 equiv.) 

and 0.17 g DMAP (0.05 equiv.) were dissolved in 50 mL dichloromethane in a 100 mL round 
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bottom flask equipped with a stirring bar in an ice bath. The solution was purged with N2 for 10 

min and allowed to warm up to room temperature. After 24 h, the solution was washed with 50 

mL 1M HCl solution, saturated NaHCO3 solution and brine 3 times each. The organic phase was 

collected and dried over anhydrous MgSO4. The solvent was removed under vacuum to yield 

yellow liquid product, yield 85%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 4.48 (1H, t, 

COOCH2CH2Br), 3.55 (2H, t, COOCH2CH2Br), 1.98 (6H, s, Br(CH3)2CCOO). The cationic 

inimer was synthesized by a subsequent quaternization (Menschutkin reaction). In a typical 

procedure, 5 g 2-bromoethyl α-bromoisobutyrate (1.05 equiv.) and 2.73 g DMAEMA (1 equiv.) 

were dissolved in 25 mL DMF in a 50 mL round bottom flask equipped with a stirring bar at 35 

oC. The reagents in the solution were allowed to react for 2 h. The solution was then precipitated 

in 500 mL diethyl ether. The precipitate was collected and dried under vacuum to give white solid, 

98 % yield. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.09 (1H, s, CHH═CCH3), 5.78 (1H, s, 

CHH═CCH3), 4.58 (4H, m, COOCH2CH2N(CH3)2CH2CH2OCO), 3.84 (4H, m, 

COOCH2CH2N(CH3)2CH2CH2OCO), 3.20 (6H, s, COOCH2CH2N(CH3)2CH2CH2OCO), 1.93 (6H, 

s, Br(CH3)2CCOO), 1.91 (3H, s, CH2═CCH3). 

Synthesis of sulfoxide containing monomer 2-(methylsulfinyl)ethyl methacrylate 

(MSEMA). 2-(Methylthio)ethyl methacrylate (MTEMA) was synthesized according to our 

previously reported procedure.37 In a typical oxidation procedure, 25.5 g MTEMA was added to a 

100 mL round bottom flask sealed with rubber stopper. The flask was kept in an ice bath and 

purged with N2 then 18.3 g hydrogen peroxide solution (20 %) was slowly injected into the flask 

at rate of 50 μL/min. The reaction mixture was allowed to stir for 24 h and was then stopped by 

adding 50 mL deionized water. The aqueous solution was washed 3 times with 100 mL 

dichloromethane. The organic phase was collected and dried over magnesium sulfate. Solvent was 
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removed under vacuum to give white solid, yield 75 %.  1H NMR (300 MHz, DMSO-d6): δ (ppm) 

= 6.05 (1H, s, CHH═CCH3), 5.71 (1H, s, CHH═CCH3), 4.35~4.54 (2H, m, C═OOCH2CH2), 

3.95~3.23 (2H, m, CH2CH2S═O), 2.60 (3H, s, S═OCH3), 1.89 (3H, s, CH2═CCH3). 

Synthesis of cationic hyperbranched polymers (HBP). The synthesis employed an 

AGET ATRP. In a typical procedure, 1 g cationic inimer (50 equiv.), 0.041 g CuBr2 (4 equiv.) and 

0.081 g TPMA (6 equiv.) were dissolved in 1.4 mL DMSO and 0.1 mL DMF in a 10 mL Schlenk 

flask equipped with a stirring bar. The solution was degassed by three cycles of freeze-pump-thaw 

and then filled with N2. The flask was then placed in 35 oC oil bath then 0.011 g ascorbic acid 

(1.32 equiv.) in 0.1 mL DMSO was injected into the flask under N2 purge. The reaction was 

stopped after 24 h. The hyperbranched polymer was purified by dialysis (MWCO = 100~500 Da) 

against water and dried under vacuum. The conversion was measured by 1H NMR and the 

molecular weight and dispersity were measured by SEC-MALS. The calculation of degree of 

branching (DB) was elaborated in the supporting information. A similar approach compared to 

previous report was used.66 In general, to determine the DB, polymers were purified by dialysis 

and analyzed by 1H NMR. The DB was calculated under the assumption that there is minimal 

radical termination and intramolecular cycling. The number of newly formed initiating sites should 

equal to the reacted initiating sites and the number of original initiating sites in the inimer should 

equal to the combined amount of reacted and unreacted vinyl groups. (Scheme S1) These two 

equations, combined with the integration of NMR peaks (δ = 2.6−2.8, 0.7−2.2, and 5.7−6.3), 

allowed for the calculation of reactivity ratio r = kA* / kB* and the DB.  

Synthesis of core-shell structure polyOEGMA-HBP. The synthesis employed an 

ARGET ATRP. In a typical procedure, 2 g OEGMA (100 equiv.), 17.2 mg cationic HBP (1 equiv. 

per Br), 5.3 mg CuBr2 (0.6 equiv.), 9.3 mg TPMA (0.8 equiv.) were dissolved in 7.9 mL DMSO 
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and 0.25 mL DMF in a 25 mL Schlenk flask equipped with a stirring bar. The flask was degassed 

by three cycles of freeze-pump-thaw and filled with nitrogen after the last cycle. 14.1 mg ascorbic 

acid (2 equiv.) dissolved in 0.1 mL DMSO was injected into the solution under nitrogen purge. 

The mixture was allowed to react in a 40 oC heating plate. An initial sample (t = 0) was collected 

by syringe. Samples were taken periodically to measure conversion via 1H NMR and molecular 

weight via SEC-MALS. The polymer was purified by dialysis (MWCO = 100~500 Da) against 

water and dried by lyophilization.  

Synthesis of core-shell structure polyDMSO-HBP. The synthesis employed an ARGET 

ATRP. In a typical procedure, 0.5 g 2-(methylsulfinyl)ethyl methacrylate (MSEMA) (100 equiv.), 

12.2 mg cationic hyperbranched polymer (1 equiv. per Br), 3.8 mg CuBr2 (0.6 equiv.), 4.9 mg 

TPMA (0.8 equiv.) were dissolved in 3.65 mL DMSO and 0.1 mL DMF in a 10 mL Schlenk flask 

equipped with a stirring bar. The flask was degassed by three cycles of freeze-pump-thaw and 

filled with nitrogen after the last cycle. 10 mg ascorbic acid (2 equiv.) dissolved in 0.1 mL DMSO 

was injected into the solution under nitrogen purge. The mixture was allowed to react in a 40 oC 

heating plate. An initial sample (t = 0) was collected by syringe. Samples were taken periodically 

to measure conversion via 1H NMR and molecular weight via SEC-MALS. The polymer was 

purified by dialysis (MWCO = 100~500 Da) against water and dried by lyophilization. 

Cytotoxicity tests with SH-SY5Y cells. SH-SY5Y epithelial neuroblastoma cells (ATCC 

CRL-2266) were cultured in a base medium composed of a 1/1 ratio of Eagle’s Minimum Essential 

Medium and F-12 growth medium. Fetal bovine serum (FBS) was added to base medium to reach 

10% final concentration of FBS, as per cell line manufacturer’s instructions (GenTarget Inc., cat# 

SC042). Before testing, cells were grown on above medium in Corning T-75 culture flasks at 37 °C 

and 5 % CO2 in a humidified incubator. Prior to biocompatibility testing, each well of a 96-well 
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culture plate was seeded with ~10,000 cells in 150 µL growth medium. After 24 h incubation, 

tested polymers were added to wells in concentrations of 1000, 333, 111, 37, 12, 4, 1.4, and 0.5 

µg/mL via serial dilutions repeated in triplicate. Untreated + control wells contained cells and 

media only, and – control wells were treated with 1% Triton X to kill all cells. After 48 h of 

exposure to test polymer, 100 uL was taken from each test well and combined with 100 µL ATP 

assay solution (CellTiter-Glo® Luminescent Cell Viability Assay from Promega) in a pre-warmed 

black 96-well reading plate, then incubated for 30 minutes at 23°C. Endpoint luminescence was 

measured for each well as an average of 5 readings per well, using a BioTek plate reader with 

Gen5.2.09 software. Percent survival was approximated as averaged triplicate luminance of treated 

vs. control wells; variance in luminance across experimental and control replicates reported as 

error. 

siRNA complexation using negative control siRNA. To determine each polymer’s 

efficiency of complexing with siRNA, agarose gel shift assays were conducted for the polymers. 

Negative control siRNA from IDT DNA was used in the experiment. Because unbounded siRNA 

and bounded siRNA possess opposite charge, the gel shift assay indicates the weight ratios at 

which siRNA is incorporated into a given complex. Polyplexes were prepared by incubating 

polymers of varying concentrations (diluted with nuclease-free ultrapure water) with 500 ng 

siRNA, to produce polymer/siRNA weight ratios of 400/1, 200/1, 100/1, 80/1, 60/1, 40/1, 20/1, 

10/1, 4/1, 0.8/1, 0.16/1, and 0/1 (0/1 are control wells containing 500 ng siRNA and water alone). 

Upon addition of siRNA, polyplexes were incubated at 23 °C for 60 minutes, after which they 

were weighed with 5 uL nuclease-free glycerin for total loading volumes of 30 µL per well. 

Polyplexes were then loaded into 100 mL volume 2 % agarose gels prepared with 

Tris/Borate/EDTA (TBE) buffer and 7.5 µL Ethidium Bromide. After loading, electrophoresis was 
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conducted under 100 V current for 60 minutes. After electrophoresis, all gels were photographed 

with 500 ms exposures under ultra-violet illumination via Labnet’s ENDURO GDS system. To 

determine the stability of siRNA polyplexes, negative control siRNA (naked siRNA) and siRNA 

polyplexes at polymer/siRNA weight ratio of 400/1 were incubated in alpha-minimum essential 

medium (αMEM) supplemented with 10 % FBS at 37 °C. The samples were collected at different 

time points (4, 12, 24, 36 and 48 h) and analyzed by agarose gel electrophoresis.  

Wild-type osteoblasts cell proliferation assay. Wild-type osteoblasts were isolated from 

newborn mouse calvaria and cultured in alpha-minimum essential medium (αMEM) supplemented 

with 10 % fetal bovine serum (Denville Scientific) and 1 % penicillin/streptomycin (Invitrogen). 

All cells were used for experiments before passage 4. To determine cell counts, osteoblasts were 

seeded in 24-well plates (1.0 x 104 cells/well) and incubated with hyperbranched polymers. At day 

1, 3 and 5, adherent cells were washed with PBS and incubated with trypsin at 37 oC for 5 min. 

After trypsinization, cell suspensions were transferred to a hemocytometer with Trypan Blue 

Solution and counted under the microscope.  

Quantitative PCR. Cells were seeded at 2.0 x 1.04 cells/well in 24-well plates and RNA 

was isolated using TRIzol reagent (Life Technologies). For quantitative real-time PCR analyses, 

100 ng of total RNA was reverse-transcribed using Superscript first-strand synthesis system 

(Invitrogen) with Oligo (dT) as a primer. The levels of gene expressions were measured by 

quantitative real-time PCR using ABI Prism 7500 (Applied Biosystems). Taqman probes for 

Runx2 (Mm00501578_m1), Osterix/Sp7 (Osx) (Mm04209856_m1), alkaline phosphatase (Alp) 

(Mm00475831_m1) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (Mm99999915_g1) 

were used for quantification. Data were normalized to Gapdh expression using the comparative Ct 

method. 
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Alizarin Red S Staining. Cells were seeded at 2.0 x 1.04 cells/well in 24-well plates and 

incubated with osteogenic differentiation medium containing 10mM β-glycerophosphate and 50 

µg/mL L-ascorbic acid. After 14 days in culture, cells were fixed in 70 % ethanol for 15 min at 

room temperature. Cells were stained with 40mM alizarin red S (Sigma-Aldrich) for 10 min and 

then rinsed five times with DI water to minimize nonspecific staining. The stained area was 

digitally photographed and measured using of the ImageJ (National Institutes of Health, USA).  

RNAi experiments. Silencer® select Pre-designed siRNA against mouse Runx2 gene (5’-

CAAGUGCGGUGCAAACUUUtt-3’ and 5’-AAAGUUUGCACCGCACUUGtg-3’) and 

scrambled siRNA (Silencer Negative Control #1 siRNA) were purchased from Ambion (Austin, 

TX). siRNA polyplexes were prepared by mixing hyperbranched polymers and siRNAs (20 pM) 

in polymer/siRNA weight ratios ranging from 5/1 to 20/1 in volumes up to 5 µL. For transfection, 

2.0 x 104 cells/well were seeded in 24-well plates the day before transfection. The siRNA 

polyplexes were delivered 24 h prior to delivery of recombinant human bone morphogenetic 

protein 2 (rhBMP-2, R&D Systems, 100 ng/mL). Cell culture media were refreshed in conjunction 

with RNAi treatments and rhBMP-2 every 2 days for the duration of the study.  

Statistical analysis. All results were expressed as means ± standard deviation of triplicate 

measurements with all experiments independently repeated at least three times. Unpaired Student’s 

t-tests were used to evaluate statistical differences. Values of p<0.05 were considered significant. 

 
Calculation of Degree of Branching (DB) 

The calculation was based on previous reports.66, 77, 81 Error! Reference source not 

found.shows the 1H NMR of a hyperbranched polymer (HBP) with DB of 34 % purified with 

dialysis.  
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The HBP structure is composed of five different moieties (Error! Reference source not 

found.): 

Structure A: unreacted vinyl group 

Structure a: reacted vinyl group 

Structure b: reacted initiating site 

Structure A*: newly formed initiating site 

Structure B*: original initiating site 

 

 
Scheme 14. Illustration of all moieties of the HBP with rate constants, kA* and kB* in the initial 

steps in the polymerization. (r=kA*/kB*)   

Relative amounts of each moiety in the HBP structure was calculated by integration of 

NMR peaks shown in Error! Reference source not found.:  

Area(j) = 2NA*;       

Area(c+f+g+h+k+m)= 3Na + 6Nb + 3NA* + 6NB* + 2Na +3NA;     

Area(a+b)= 2NA;        

NA* = Nb;        

 NB* = Na + NA; 
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With the above six equations, NB* and NB can be calculated. Since conversion of vinyl 

groups approached essentially 100 %, Conv. A was assumed as 1, to simplify the calculation.66, 81 

With the calculated results, DB can be calculated according to the following equations:  

𝑓Û∗ =
𝑁Û∗

𝑁Û∗ + 𝑁Û
 

𝑟 =
𝐶𝑜𝑛𝑣. 𝐴 + 𝑓Û∗ − 1
−𝑙𝑛𝑓Û∗ + 𝑓Û∗ − 1

=
𝑒c�

𝑒c� + 𝑧 − 1 

𝐷𝐵 = 2𝑒c�(1 − 𝑒c�) 

 
 

Figure 118. 1H NMR spectrum of HBP (DB=34 %) with assigned NMR peaks. 

The relative NMR integrations of Area(j), Area(c+f+g+h+k+m) and Area(a+b) for HBP 

with different DB are listed below in Error! Reference source not found..  
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Table 12. Relative NMR integration areas and calculated DB. 

Polymers Area(j) Area(c+f+g+h+k+m) Area(a+b) DB 

HBP-1 1 27.0 0.026 34 % 

HBP-2 1 43.4 0.151 22 % 

HBP-3 1 67.1 0.099 16 % 

 
 
Characterization of cationic hyperbranched polymers (HBP). 

 
Figure 119. (a) Volume-mean size distribution by DLS of cationic HBP with DB 34%. (b) Agarose 

gel analysis of cationic HBP/siRNA complexes (weight ratio of polymer/siRNA from left to right: 

100/1, 20/1, 4/1, 0.5/1, 0.16/1 and blank) (c) Cytotoxicity data of cationic HBP with SH-SY5Y 

cell. The polymer became toxic at concentration over 333 μg/mL, indicating that a biocompatible 

corona is needed to reduce the toxicity of the naked cationic core.  
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3. Characterization of core-shell structures. 

    

Figure 120. Cytotoxicity of the polyOEGMA-HBP polymers with different shell DPs grafted from 

a cationic core with DB of 34 %. (cells tested: SH-SY5Y) (a) Shell DP=48, (b) shell DP=95. 

Core-shell structure polyOEGMA-HBP with thicker corona (shell DP = 48 or 95) also 

showed low cytotoxicity towards cell SH-SY5Y with concentration up to 1 mg/mL. 

 

(a) (b) 
	

1
0
0
0
	u
g
/m

L
3
3
3
	u
g
/m

L
1
1
1
	u
g
/m

L

3
7
	u
g
/m

L

1
2
	u
g
/m

L

4
	u
g
/m

L

1
.4
	u
g
/m

L

0
.5
	u
g
/m

L

0

20

40

60

80

100

120

P olymer	c onc entration 	(w/v)

S
u
rv

iv
ia
l	
(%

	o
f	
c
o
n
tr
o
l)

	P o lyOE GMA-HB P

						S hell	DP :	95

1
0
0
0
	u
g
/m

L
3
3
3
	u
g
/m

L
1
1
1
	u
g
/m

L

3
7
	u
g
/m

L

1
2
	u
g
/m

L

4
	u
g
/m

L

1
.4
	u
g
/m

L

0
.5
	u
g
/m

L

0

20

40

60

80

100

120

P olymer	c onc entration 	(w/v)

S
u
rv

iv
ia
l	
(%

	o
f	
c
o
n
tr
o
l)

	P o lyOE GMA-HB P

						S hell	DP :	48



 277 

 

Figure 121. Cytotoxicity of the polyDMSO-HBP polymers with different shell DPs grafted from 

a cationic core with DB of 34 %. (cells tested: SH-SY5Y) (a) Shell DP=35, (b) shell DP=45. 

Similarly, core-shell structure polyDMSO-HBP with thicker corona (shell DP = 35 or 45) 

also showed low cytotoxicity towards cell SH-SY5Y with concentration up to 1 mg/mL. These 

results suggest that polyDMSO provides biocompatible systems.  

The siRNA complexing ability of polyOEGMA-HBP and polyDMSO-HBP with thicker 

corona was examined using agarose gel, Error! Reference source not found.. PolyOEGMA-

HBP with a shell DP of 48 did not show complexation with siRNA at weight ratio of 

polymer/siRNA lower than 200/1 and no complexes was formed even at a weight ratio of 400/1 

for polyOEGMA-HBP with shell DP of 95. In comparison, polyDMSO-HBP with shell DP of 45 

started to form complexes at a weight ratio of 40/1 (5 times lower than polyOEGMA-HBP with 

similar shell DP). This result indicated that due to the lower steric hindrance of polyDMSO the 

core-shell structured polyDMSO-HBP was more efficient than polyOEGMA-HBP for complexing 

siRNA. 
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Figure 122. Agarose gel analysis of core-shell structure polyOEGMA-HBP with shell DP 48 (a) 

and 95(b); agarose gel of core-shell structure polyDMSO-HBP with shell DP 35 (c) and 48(d). 

Weight ratios of polymer/siRNA range from 0.16/1 to 400/1.  

Stability of siRNA complexes 

The stability of siRNA polyplexes was assessed by agarose gel electrophoresis. The result 

showed that the incubation of naked siRNA with culture media containing 10% FBS resulted in 

clear bands for 4h, and after 12 h, blurred bands were observed up to 48 h, Error! Reference 

source not found.a. For polyOEGMA-HBP, siRNA complexes were stuck in the wells and 

prevented the internalization of siRNA into agarose gel, but the bands became blurred after 12 h, 

Error! Reference source not found.b. By contrast, polyDMSO-HBP/siRNA polyplexes showed 

slightly blurred bands after 12 h, but the formation of polyplexes remained detectable up to 48 h, 

Error! Reference source not found.c. No free siRNA was observed in either the polyOEGMA-

(a) (b) 

(c) (d) 
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HBP or polyDMSO-HBP polyplexes up to 48 h. These results suggest that polyDMSO-HBP 

polyplexes are more stable than polyOEGMA polyplexes in culture media containing 10% FBS. 

 
Figure 123. The stability of siRNA polyplexes in culture media containing 10% FBS up to 2 days. 

(a) Naked siRNA, (b) polyOEGMA-HBP and (c) polyDMSO-HBP at polymer/siRNA weight ratio 

of 400/1 were incubated for 4, 12, 24, 36 and 48 h at 37 °C. The stability of complexes was 

analyzed by electrophoresis on agarose gel stained with ethidium bromide. For better comparison, 

each gel was put in the same image. 

 
siRNA delivery for gene knockdown 

As shown in Error! Reference source not found., for HBP core, polymer/siRNA weight 

ratios ranging from 5/1 to 20/1 caused significant reductions in Runx2 expression of 53.6 ± 15.7 % 

(p < 0.05) and 72.3 ± 15.3 % (p < 0.01), respectively. This is likely due to the toxic effects caused 

by HBP core, based on the results shown in Figure 5, and thus non-specific reductions in gene 

expression. 
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Figure 124. The HBP core-based RNAi against Runx2 in primary osteoblasts by delivery of Runx2 

siRNAs at 20 pM doses. (a) Schematic of experimental time course. The siRNA polyplexes were 

delivered 24 h prior to delivery of recombinant human bone morphogenetic protein 2 (rhBMP-2, 

100 ng/mL). Analysis of mRNA expression was conducted after 6 h of treatment by rhBMP-2. (b) 

The effects on Runx2 mRNA expressions by HBP Core/siRNAs polyplexes. The polymer/siRNA 

weight ratios ranging from 5/1 to 20/1 elicited significant reductions in Runx2 expression. Data 

expressed as mean ± SD of three replicate determinations. **p<0.01, *p<0.05, vs rhBMP-2 treated 

cells without siRNA. 
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Figure 125. Delivery of Runx2 siRNAs with core-shell structured polymers had no significant 

effect on Osx expression at 6 h after the treatment. (a) Schematic of experimental time course. The 

siRNA polyplexes were delivered 24 h prior to delivery of rhBMP-2. (b) Gene silencing effects on 

Osx mRNA expressions as a consequence of RNAi targeting Runx2. This result indicated that 

RNAi using core-shell structured polymers allows targeted gene-specific silencing. Data expressed 

as mean ± SD of three replicate determinations. **p<0.01, vs rhBMP-2 treated cells without 

siRNA.  
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The Runx2 siRNA delivery with core-shell structured polymers had no significant effect 

on Osx expression at 6 h after the treatment (Error! Reference source not found.), indicating that 

RNAi using polymers developed here allows targeted gene-specific silencing. 

 
Figure 126. Alizarin red staining was performed after siRNA against Runx2 transfections. (a) 

Schematic of experimental time course. RNAi treatments against Runx2 were delivered 24 h prior 

to delivery of rhBMP-2. Cell culture media were refreshed in conjunction with RNAi treatments 

and rhBMP-2 every 2 days for the duration of the study. After 14 d in culture, mineral deposition 

in osteoblasts was assessed by Alizarin red staining. (b) The cells receiving rhBMP-2 treatments 

with Runx2 siRNA alone had no significant effect on mineral deposition compared to rhBMP-2 

treated cells without siRNAs. RNAi treatments against Runx2 with PolyOEGMA-HBP and 

PolyDMSO-HBP, a polymer/siRNA weight ratio at 5/1, resulted in significant reductions in 

mineral deposition in osteoblasts compared to cells receiving rhBMP-2 treatments without siRNA. 

 

As shown above, cells treated with Runx2 siRNA alone had no significant effect on mineral 

deposition compared to cell not treated with siRNAs, indicating the knockdown process requires 

the co-delivery of cationic polymers.   
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