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Abstract 

Interfacing a lithium metal electrode with a designed thin-film coating offers promise in gaining 

control over plating and stripping instabilities during cycling, especially by inhibiting the growth 

of dendrites. This work introduces a coating comprised of hybrid particle brushes synthesized by 

grafting poly(poly[ethylene glycol] methyl ether methacrylate) from silica nanoparticles via 

surface-initiated atom transfer radical polymerization (SI-ATRP). Particle brushes in 

tetrahydrofuran solutions were drop cast on lithium metal and cycled in pouch cells with ether-

based liquid electrolyte at 1 mA cm-2 and 1 mAh cm-2 which were then evaluated with synchrotron 

X-ray micro-computed tomography to understand corresponding lithium morphologies. The 
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coatings that achieved the longest cycle life (average of 275 cycles) avoided dendrites and 

densified the cycled lithium, both in early and late stages of cycling. Postmortem analysis of the 

failed cells compared the bare Li and coating-protected Li systems. Grafting densities (0.21 to 0.72 

chains nm-2) of the particle brushes were optimized and enabled coatings exhibiting ionic 

conductivities similar to the liquid electrolyte system with slightly higher Arrhenius activation 

energies. Mechanical behaviors (modulus: 30 to 80 kPa; creep strain rate: approximately 10-4 s-1) 

did not play a dominant role in improvement, suggesting that tuning the particle brush architecture 

mainly prevents dendrites through resulting ionic transport effects and more regulated 

plating/stripping behavior. 

 

Introduction 

 As demand increases for better battery performance, it is crucial to move beyond the 

current generation of lithium-ion battery materials, i.e. transition-metal-oxide cathodes paired with 

graphite anodes. As these cells have almost reached their limit in terms of energy density and rate 

capability, fully replacing the graphite anode with lithium metal is a promising solution due to its 

high energy density, high theoretical capacity (3860 mAh g-1, 2046 mAh cm-3), and low 

electrochemical potential. At the cell level, estimates from commercial cells show that lithium 

metal paired with high nickel content cathodes and liquid electrolytes can deliver roughly twice 

the gravimetric and volumetric energy densities as graphite/lithium iron phosphate cells and twice 

the gravimetric energy density of silicon-graphite paired with lithium nickel cobalt aluminum 

oxide.1 However, the instabilities that arise from uneven plating and stripping at the lithium metal 

interface prevent lithium metal cells from achieving competitive cycle life for several applications 

such as transportation (electric vehicles, electric vertical takeoff and landing, etc.). In one failure 
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mode, lithium plates in preferential “hot spots” and strips away from other areas, resulting in mossy 

morphologies known as dendrites that degrade cell performance with partially conductive 

pathways between electrodes (soft shorts). Researchers are exploring how to mitigate this early 

onset failure mode by controlling the nucleation and deposition mechanism as well as by 

mechanically blocking the protrusion and propagation of dendrites.2,3 This is sought to be achieved 

by the addition of engineered materials that physicochemically stabilize the lithium metal anode.  

One option is to replace the liquid electrolyte with a solid-state electrolyte having superior 

mechanical toughness. However, this requires hundreds of megapascals of stack pressure in order 

to maintain contact at the electrolyte-anode interface, sacrificing pack-level energy density and 

welcoming another failure mode involving lithium filaments plating into and propagating through 

cracks in the electrolyte.4–6 On the other hand, interfacing lithium metal with liquids or plasticized 

polymers is considered to inadequately block dendrites due to poor mechanics.7 Ionic transport 

through polymers relies on segmental chain motion and hopping across coordination sites.8 This 

is conditional on the polymer being free of crystallinity, as crystalline domains do not participate 

in these ionic transport mechanisms. Combining ceramic and polymeric materials into a composite 

electrolyte is thought to reap the benefits of both materials, as ceramics have the mechanical 

properties necessary to push back against lithium protrusions, while plasticized polymer 

viscoelasticity helps to maintain contact with interfacing components.9 It was found that in the 

dendrite boundary condition of particle-polymer composite separators, sufficient stiffness to push 

back against lithium metal dendrites as well as flowability around these protrusions correlated with 

the most stable cycling.10 Another finding was that homogeneity of the dispersion of particles in 

the polymer is necessary to prevent severe mossy lithium.10 Even in plain liquid or solid-state 

electrolyte systems, agglomeration of ions or defects in the ceramic are segues to cell failure by 
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means of lithium plating and stripping “hot spots.” Thus, homogeneity is a critical prerequisite that 

can also be assumed for hybrid coating designs. 

 While dispersing ceramic particles within a polymer can deter its crystallinity, particle 

agglomerations, inhomogeneity at the lithium metal interface, and ceramic-polymer 

incompatibility are challenges.10,11 It was found that the portion of amorphous polymer is 

responsible for ionic transport in hybrid composite separators.10,12,13 The separators with larger 

amorphous polymer fractions had good interfacial compatibility with the particles and maximal 

interfacial area across those domains owing to fewer agglomerations.10 One composite 

nanostructure in particular has the potential to completely avoid polymer crystallinity, particle 

agglomerations, and interface heterogeneity.14 This is comprised of polymer chains covalently 

attached, or grafted, onto/from nanoparticles. These “particle brushes” have been studied 

previously in the battery literature with a variety of polymer chemistries.15–24 In one approach, 5 

kg mol-1 polyethylene oxide (PEO) was functionalized with a silane group and condensed onto 

silica nanoparticles.25,26 Plasticized with lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) salt, 

it improved capacity retention of lithium metal cells cycled at 0.2 mA cm-2.26 As for mechanics, it 

was found that interparticle interactions resulted in caging, where friction between particles has a 

yielding effect per applied stress.24,27 Interparticle interactions were found to be tunable by 

adjusting the architecture of the particle brushes. However, it was proposed that if the grafting 

density is high enough to discourage mechanical interactions, the ionic conductivity is improved 

and results in a superior electrolyte.28,29 Another study used surface-initiated atom transfer radical 

polymerization (SI-ATRP) to attach polyacrylonitrile to yttria-stabilized zirconia nanoparticles, 

which demonstrated improved capacity retention as a lithium metal coating when the cell was 

cycled at a 1C rate over 50 cycles with an ether based liquid electrolyte.22 The advantages of SI-
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ATRP include but are not limited to high precision control over grafting density of the particle 

brush, as well as the molecular weight and polydispersity of the polymer.30–36  

While the discussed studies show promising lithium metal results, extended cycle life has 

mainly been reported for low current densities, low cycling capacities, and elevated testing 

temperatures (see Table S1, Supporting Information). Additionally, the impact of the architecture 

of the particle brush systems on dendrite prevention and overall failure mechanism is often 

overlooked. This study aims to address the importance of structure-property relationships in a 

ceramic-polymer nanostructured, agglomeration-controlled lithium metal coating in a liquid 

electrolyte system. Here, a poly(poly[ethylene glycol] methyl ether methacrylate) 

(poly(PEGMA500)) architecture is grafted onto silica nanoparticles. A previous report by 

Rosenbach et al. compared ionic conductivity values between poly(PEGMA) bottlebrushes and 

linear PEO systems.37 Another study used PEGMA-grafted hypercrosslinked porous poly(4-

chloromethylstyrene) nanoparticles as a lithium metal coating to improve performance.38 In our 

system, the PEGMA side chains are roughly nine ethylene oxide units in length, which is below 

the polymer’s entanglement limit.39 This means that the PEO portions of these brushes are long 

enough to coordinate lithium ions and do not have too much length where mobility is constrained. 

We investigate the influence of grafting density and molecular weight (resultingly, inorganic 

content) on pouch cell-relevant mechanical properties, ionic conductivity, cycle life, and cycled 

lithium morphology as characterized by X-ray micro-computed tomography (micro-CT). As a 

result of this study, a significant improvement in lithium metal cycle life owing to densified lithium 

plating and stripping is obtained via specific particle brush architectures. A mechanism for this 

performance improvement seen in the studied system and whether it relies more heavily on 
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chemical or mechanical effects is suggested. Lastly, the observed shift in the failure mechanism 

for lithium metal cells with particle brush coatings is discussed. 

Experimental 

Particle Brush Synthesis and Characterization 

 Surface-initiated atom transfer radical polymerization (SI-ATRP), specifically using the 

activators regenerated by electron transfer (ARGET) approach, covalently grafted chains of 

poly(poly[ethylene glycol] methyl ether methacrylate), poly(PEGMA500), (structure in Fig. 1) 

from 15.8 nm diameter silica nanoparticles (Nissan Chemical).40 This approach enables low 

concentrations of the copper catalyst as well as tolerates limited oxygen exposure.14,41,42 The 

particles were first modified with bromide (Br) end groups similarly as performed in prior 

work.43,44 The polymerization was performed with copper(II) bromide catalyst (CuIIBr2, 99.9%, 

Aldrich), ligand tris[2-(dimethylamino)ethyl]amine (Me6TREN, 99%, Alfa), and reducing agent 

tin(II) 2-ethylhexanoate (Sn(Oct)2, 95%, Aldrich) with the poly(ethylene glycol) methyl ether 

methacrylate monomer, PEGMA500 (Mn = 500 g mol-1, Aldrich) initiating from the surface-

modified particles. The resulting particle brushes were purified and dispersed in tetrahydrofuran 

(THF, 99.5%, Aldrich) via dialysis. Molecular sieves (3 Å, Aldrich) were added to remove residual 

water in the particle brush solution in THF. Water content was confirmed to be negligible with 

Karl Fischer titration. 
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Figure 1. Schematic illustration of particle brush systems with varying grafting densities but 

similar molecular weights of tethered brush layers. Red spheres represent silica, and turquoise 

hairs represent the polymer domain. Grafting densities span (a) low, (b) intermediate, and (c) high 

values. Inset to panel (a) shows the grafted polymer repeat unit structure. 

 

 Molecular weight and inorganic content were directly measured with gel permeation 

chromatography (GPC) and thermogravimetric analysis (TGA) respectively. Prior to GPC, the 

synthesized particle brushes were left in a 48% hydrofluoric acid (HF, 99.99%, Aldrich) solution 

overnight to completely etch away the silica nanoparticles. GPC was run with Perfect Separations 

System (PSS) equipment with an Agilent 1260 Infinity II isocratic pump and a PSS SLD2020 

multi-angle light scattering (MALS) refractive detector using PSS GRAM analytical columns on 

the remaining polymer with N,N-dimethylformamide (DMF, 99.9%, Acros) containing 0.05 M 
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LiBr as the eluent and linear PMMA standards for calibration. The reported molecular weights 

(Mn) are adjusted with the Mark-Houwink calibration to this particular eluent.45 

 Post-polymerization, TGA samples were prepared by evaporating THF until the solution 

became a soft solid. A TA Instruments TGA 550 using air atmosphere was used to quantify the 

inorganic content fraction of the particle brushes, finorg, which then enabled the calculation of 

grafting density, GD, given Avogadro’s number NA, the silica density ρ (2.2 g cm-3) and diameter 

d (15.8 nm) of the bare nanoparticles (see Eq. 1). The procedure is the following: (1) ramp at 20 

°C/min to 120 °C; (2) hold at 120 °C for 10 min; (3) high-resolution ramp at 20 °C/min to 800 °C; 

(4) hold at 800 °C for five minutes. The inorganic content was calculated after exclusion of residual 

solvent. 

!" = 	"#$%!"#$%&'&()
*%!"#$%	+"

      (1) 

The electrolyte uptake by the polymer phase in the particle brushes was measured by 

weight then converted to volume given the density of silica nanoparticles and inorganic content of 

particle brushes. Mass measurements were taken of the solid particle brushes before and after a 

small volume of electrolyte (1M LiTFSI in 1,3-dioxolane (DOL) and dimethoxyethane (DME) at 

a ratio of 1:1 v/v + 1 wt% LiNO3) was added to allow for swelling while excess liquid was 

removed. 

 Bulk mechanics were measured with a Dynamic Mechanical Analysis instrument (DMA) 

(DMA850, TA Instruments). A compression experiment was designed to mimic the mechanical 

conditions of vacuum sealing a pouch cell (ramping the stress to 0.03 MPa and holding at this 

stack pressure for 20 minutes.) The pressure of 0.03 MPa was selected, as 0.1 MPa (hydrostatic 

pressure in a pouch cell) required a force outside the limits of the DMA. Samples consisted of drop 
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cast particle brush coatings on 20 µm lithium plated on copper foil (Honjo). Stiffness and creep 

rate were measured in the dry state and as swollen with electrolyte (1M LiTFSI in DOL:DME (1:1 

v/v) + 1 wt% LiNO3). The stiffness was estimated as 0.03 MPa divided by the final resulting 

compressive strain at the end of the stress ramp step. A bare lithium foil sample was also measured 

with this technique to differentiate the thickness of the coating. 

Electrochemical Performance 

 The following was carried out in a dry room with moisture and temperature controlled at 

20 ppm and 21 ˚C. The suspended particle brushes were mixed with LiTFSI at a weight ratio of 

LiTFSI:poly(PEGMA500) of 50 percent. The solution was drop cast onto freestanding lithium foils 

(Albemarle, about 180 µm thick) which had been calender rolled between pouch cell material and 

cut into electrodes. The remaining THF in the drop cast coatings was left to evaporate with gentle 

heating on a hot plate for an hour. The cell design was adapted from our previous work which 

enabled high quality micro-computed tomograms of lithium metal batteries.10 In this case, two 17 

mm diameter Celgard 3501 separators (Celgard) were sandwiched by electrodes which achieved 

the minimum electrode separation requirement (50 µm) for optimal micro-CT resolution of lithium 

metal in its various morphologies. For symmetric lithium metal cells, a 14 mm diameter active 

area was used. Before pouch cell sealing, 70 µL of 1M LiTFSI in DOL:DME (1:1 v/v) + 1 wt% 

LiNO3 electrolyte was injected. Cells were left to rest for 12 hours before cycling with LANDt 

CT2001A (Landt Instruments) or Neware CT-4008T 5V20mA (Neware) battery testing equipment 

at 1 mA cm-2 and 1 mAh cm-2 at 25 ̊ C. Cells rested for 30 minutes after each charge and discharge. 

Excess stack pressure was not applied. 

 To perform temperature dependent ionic conductivity experiments, coin-in-pouch cells 

were constructed in the dry room. The same thicknesses of the coatings studied in the pouch cell 
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batteries were drop cast onto stainless steel electrodes which also sandwiched a Celgard 3501 

separator. A 50 µL amount of the same ether based liquid electrolyte that was used for cycling was 

injected before sealing a pouch around the stackup. Electrochemical impedance spectroscopy 

(EIS) was used to measure resistance values at 0, 20, 40, 60, 80, and 90 ˚C with an environmental 

chamber that allowed for temperature equilibration using a thermocouple that also measured 

temperature throughout the experiment. 

Micro-computed Tomography 

 X-ray CT was carried out at the Advanced Light Source (Lawrence Berkeley National 

Laboratory, Berkeley) beamline 8.3.2. Camera optics were set at 10x magnification, resulting in 

0.7 µm/pixel image resolution. An energy of 25 keV was selected with 200 ms exposure times and 

1300 back projections were collected per 180-degree scan. The reconstructions and phase retrieval 

were done using Gridrec Algorithm with open source Tomopy.46 Image stacks were processed and 

visualized with ImageJ 1.53q and segmented with Dragonfly version 2022.1.0.1259 (ORS Inc.).  

Results & Discussion 

Particle Brush Characterization 

Particle brushes are classified by the length of the polymer chains (molecular weight, Mn) 

and the density of polymer chains attached to the nanoparticle surface (grafting density, GD). The 

TGA and GPC traces from Mn40-GD0.46 (molecular weight = 40 kg mol-1, grafting density = 0.46 

nm-2) particle brushes are shown in the Supporting Information, Fig. S1. The molecular weight, 

grafting density, inorganic content, and polydispersity of all studied polymer brushes are 

summarized in Table S2. 
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 On a microstructural level, the homogeneity of the as-drop cast coatings is found to be 

improved by the covalent attachment of the polymers onto the nanoparticles. In comparison, when 

bare silica nanoparticles are blended with free polymer chains, crystalline agglomerations 

characteristic of PEO are present in tapping mode AFM (see Fig. S2c). The coating with the same 

polymer concentration and molecular weight grafted from nanoparticles displays a homogeneous 

dispersion of particle brushes, seen in Fig. S2b. This ensures that the particle brush coating would 

not promote dendrites due to local variations of current density resulting from heterogeneity at this 

length scale. 

 Controlling the thickness of the particle brush layer is a challenge, as the coating swells 

differently depending on particle brush architecture and layer packing. As drop cast, an ion milled 

cross section of the particle brushes on lithium is around 300 nm thick (see Fig. S3). The same 

volume of drop cast particles along with LiTFSI added in 50 percent of poly(PEGMA500) by weight 

expands the thickness by an order of magnitude. A similar effect occurs when introducing liquid 

electrolyte to the coating in the battery, which is further discussed below. Therefore, the swollen 

particle brush coating thickness could not be accurately controlled in this study and is measured 

for each coating in the swollen state (see Fig. S4). 

Extended Cycling 

 Symmetric galvanostatic cycling performance was evaluated for cells with both lithium 

metal electrodes coated with several variations of particle brushes. The raw cycling data shown in 

Fig. 2a highlights the difference in cycling behavior between the cell with bare lithium electrodes 

and the cell with the particle brush coating Mn40-GD0.46. The overpotentials seen in the 

waveforms of the coated lithium cell are lower than that of the bare lithium cell. The bare lithium 

cell also demonstrates asymmetry in its overpotentials until 400 hours, when the negative 
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overpotentials experience a significant drop in absolute value followed by a gradual increase in 

absolute overpotential. This type of asymmetric and unstable behavior from bare lithium is 

characteristic of dendrite formation and uneven solid electrolyte interphase (SEI) growth. On the 

contrary, the cell behavior of Mn40-GD0.46 throughout the cycles plotted in Fig. 2a shows 

insignificant deviations in overpotential. The resulting failure of this cell is shown in Fig. S5f; it 

is not a result of soft shorting due to dendrites but rather depletion of the lithium reservoir.47 

 Cell failure is analyzed for each coating tested with extended symmetric lithium metal 

cycling at 1 mA cm-2 and 1 mAh cm-2. Performance is evaluated by “cycles to failure,” which is 

defined as the cycle at which one of the following occurs: (1) a polarization of 0.6 V (“hard short” 

if sudden, see red data in Fig. S5f; depletion of electrolyte and/or lithium reservoir if gradual), (2) 

a drop followed by a gradual increase in overpotential (see black, blue, and green data in Fig. S5f), 

or (3) a significant drop in overpotential followed by flat, square-like potential waveforms; the 

latter two represent “soft short”.47,48 It is important to note that although a few different types of 

failure modes are classified here, the failure mechanism of the symmetric lithium cells is often a 

combination of multiple above-mentioned scenarios.48,49 Figure 2b contains these results in a 3D 

bar graph which compares the cycle life to particle brush architecture (Mn, GD). Bare lithium 

performance is also indicated on this plot, located at the x-y origin. It can be noted that while some 

particle brushes significantly outperform bare lithium—especially Mn40-GD0.46—other coatings 

worsen lithium metal cycle life. The average cycle life observed for the bare lithium cells was 59 

cycles, while the average of the coated cells was 275 cycles. The important particle brush 

architecture variable which exhibits a trend with lithium metal cycle life is grafting density; a 2D 

plot highlighting this relationship is in Fig. 2c. Plots comparing molecular weight and inorganic 

content show no obvious trends (see Fig. S6, Supporting Information). 
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Figure 2. Symmetric lithium cycling at 1 mA/cm2 and 1 mAh/cm2 in CT-ready pouch cells. (a) 

Voltage vs. time data comparing uncoated (bare) lithium cells to cells with Mn40-GD0.46 coating 

on both lithium electrodes. The plot shows 246 cycles. (b) Cycle life is compared for varying Mn 

and GD within different coatings. Cycle at cell failure is defined as the cycle at which a polarization 

of ± 0.6 V or abrupt decrease in absolute potential characteristic of a soft short. The bare lithium 

system is plotted at Mn and GD values of zero. (c) Cycles to failure plotted versus grafting density. 

Error bars denote sample standard deviations in panels (b) and (c). 
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 Ex-situ synchrotron X-ray tomography can be used to verify the mechanism by which 

lithium metal cycle life is extended using the best particle brush coatings. Imaging lithium metal 

cells with X-ray computed tomography poses challenges, as lithium’s low atomic number results 

in low X-ray attenuation, especially when imaged alongside denser materials.50–53 As seen in the 

cell cross sectional image slices in Fig. 3a-d, the cell configuration used in this study produces 

scans with clear and reproducible representations of lithium metal structures including porosity 

(dark voxels) and pits (brighter voxels making up hemispheres). Qualitatively, lithium metal with 

mossy morphology is captured most prominently in Fig. 3a-b, where the bare lithium symmetric 

cell has endured one charge-discharge cycle (Fig. 3a) and after 20 cycles (Fig. 3b). Notably, after 

a single cycle, mossy lithium that has been plated during the first charge does not strip away during 

the first discharge, beginning the accumulation of mossy lithium whose progression is evident after 

20 cycles. Contrastingly, with particular particle brush coatings (Mn40-GD0.33 and Mn40-

GD0.46) which improved cycle life in these cells, less mossy lithium is observed following the 

initial cycles (see Fig. 3c-d). This effect is also present in later cycles (see Fig. S5a,c). Throughout 

the X-ray CT scan of the cell with Mn40-GD0.33 having cycled once, lithium morphology was 

not distinguishable from the bulk lithium electrodes, meaning that lithium has plated densely, 

without pores. The lithium/coating interface is also smooth without evidence of pitting during 

stripping on either electrode. Comparing Fig. 3a with Fig. 3c demonstrates how severe a 

disadvantage the uncoated lithium metal is already at after just a single charge and discharge of 

the cell.  
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Figure 3. (a-d) Ex-situ X-ray tomography cross sectional slices of lithium symmetric cells cycled 

at 1 mA/cm2 and 1 mAh/cm2. (a) Bare lithium cell post 1 cycle. Examples of mossy (dendritic) 

lithium and areas where bulk lithium has been consumed (stripped and not replaced) labeled with 

arrows. Bulk of lithium electrodes and Celgard separators labeled with brackets. (b) Bare lithium 

cell post 20 cycles. (c) Cell with Mn40-GD0.33 coating on both electrodes post 1 cycle. Coating 

labeled with white brackets. Black dotted lines distinguish separator/coating interfaces. (d) Cell 

with Mn40-GD0.46 coating on both electrodes post 20 cycles. Coating labeled with white brackets. 

Black dotted lines distinguish separator/coating interfaces. (e) Image segmentation data plotted 

over cycles 1, 5, and 20 comparing bare lithium cell to cells with Mn40-GD0.33 and Mn40-GD0.46 

coatings. Volume of mossy lithium divided by total slices segmented in CT scan (top), volume of 

bulk lithium consumed divided by total slices segmented in CT scan (bottom). Scale bars: 100 µm. 
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The cell with the coating which achieved the longest cycle life in symmetric lithium cells 

(Mn40-GD0.46) was imaged after 20 cycles, and a representative view of the corresponding cycled 

lithium morphology is shown in Fig. 3d. Some islands of mossy morphology have been left behind, 

and pitting is also noticeable at this stage. While these features are visually less prominent than in 

the bare lithium image, the X-ray CT scans are evaluated with segmentation to quantify the extent 

of the mossy lithium and pitting. The scans shown in Fig. 3a-d, as well as cells cycled five times 

and the Mn40-GD0.33 cell after 20 cycles were segmented for volume of mossy lithium (voxels 

containing void space as well as brighter voxels surrounding these voids, denoted as “Mossy Li” 

in Fig. 3a), as well as volume of bulk lithium consumed. In the scans with the least amount of 

mossy lithium, segmentation of bulk lithium consumed was performed by establishing the original 

boundary of the active lithium metal electrode area which maintained its visibility due to the 

island-like nature of lithium deposition and stripping at this stage. In the scans where the original 

lithium metal electrode boundary is entirely consumed, it was estimated under the assumption that 

its starting thickness was the same as observed in other cells and what was measured using a drop 

gauge (180 µm). Figure 3e displays plots summarizing the segmentation data that confirm what is 

seen in the single slices shown in Fig. 3a-d; lithium metal cells that are coated with either Mn40-

GD0.33 or Mn40-GD0.46 contain less mossy lithium, and less of the bulk lithium electrodes are 

consumed. The X-ray CT slices illustrating the cross-sections of the bare lithium cell as well as 

the Mn40-GD0.33 cell after five cycles can be found in Fig. S7.  

Furthermore, the bare lithium cell and the Mn40-GD0.46 cell were scanned postmortem. 

In panels (a) and (c) of Fig. S5, it can be seen that even at the failure point (which occurred due to 

soft shorting at a much earlier stage), the uncoated lithium system accrued a much more expansive 

volume of mossy lithium. However, in both uncoated and coated systems, the lithium reservoir is 
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depleted at failure. The corresponding cycling data in Fig. S5f supports that the coating that 

promotes the longest cycle life in the studied sample set shifts the failure mode of the lithium metal 

away from the combination of ongoing soft shorting due to abundant mossy structures and liquid 

electrolyte depletion. As the volume of mossy lithium is always less in the coated cell and the bulk 

lithium is being consumed at a slower rate, upon depletion of the lithium reservoir, less liquid 

electrolyte has been consumed by mossy lithium, which results in the sudden polarization at the 

end of cell life rather than the gradual increase of the polarization seen in the bare lithium data.47 

This slowing-down failure effect is studied for the Mn40-GD0.33 coating in symmetric lithium 

cells with a carbonate-based liquid electrolyte (Fig. S8) as well as in lithium vs. lithium titanate 

(LTO) half cells (Fig. S9) with slight differences in each separate system. Notably, the failure 

mode of the half cells (cycled at C/4, 3.1 mAh cm-2) without the coating always involved a 

significant dendrite resulting in increasing charge capacity and therefore a sudden drop in 

Coulombic efficiency.54 The coated lithium electrode cells never displayed such protrusions in the 

X-ray CT scans or in cycling data. 

The particle brush coating was further challenged by being paired with a carbonate-based 

liquid electrolyte in lithium symmetric cells, which were cycled using the same conditions as the 

symmetric cells with ether-based electrolyte. Carbonates are known to passivate the lithium 

surface less preferentially compared to ethers, stressing the system sooner during cycling.55 The 

X-ray CT scans of the cells with carbonate electrolyte (example in Fig. S8b) show less conversion 

of bulk lithium into mossy lithium in coated systems compared to the uncoated cells. 

Further supporting the mechanism of cycle life improvement via cycled lithium 

densification in coated lithium cells, digital images of cell tear downs (Fig. S10) show the 

differences in coated versus uncoated systems across cycles. Looking top-down on the lithium 
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electrodes as well as the separators removed from the cells, the shade of the cycled lithium is 

lighter gray and shinier for the coated electrodes, while the bare lithium electrodes all are black 

and heterogeneous. Furthermore, the imaged separators removed from the bare lithium cells are 

covered with embedded dendrites which have broken off easily from the weak and brittle mossy 

structure of the cycled lithium. On the other hand, this happens to the separators present in the 

coated lithium cells to a much lesser extent. 

Physicochemical Properties 

As different designs of the studied particle brush coatings were observed to either improve 

or worsen the lithium metal cycle life while also varying the corresponding cycled lithium 

morphology (Fig. S5), understanding the mechanism by which this occurs is crucial for optimizing 

lithium metal coating design. To this end, correlations are sought across particle brush design 

values and measured coating properties that support the hypothesis that dendrites can be either 

mitigated through the prevention of their formation or by mechanically blocking their propagation. 

Four of the synthesized particle brush systems were characterized in detail; three of these had 

similar polymer molecular weights while spanning three different grafting densities and extended 

cycling performances (Mn40-GD0.33, Mn40-GD0.46, and Mn43-GD0.57), and one had a much 

larger polymer molecular weight than the others (Mn329-GD0.21).  

These four different particle brush architectures span four different inorganic content 

values, which are summarized in Fig. 4a. The amount of liquid electrolyte uptake by the polymer 

phase of the particle brush coatings is also indicated in this plot. The data show the expected 

relationship that the more polymer present in the coating (i.e. lower inorganic content), the more 

swollen the polymer phase will become when introduced to the ether-based electrolyte. 
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Figure 4. Physical properties of Mn40-GD0.33, Mn40-GD0.46, Mn43-GD0.57, and Mn329-

GD0.21 coatings. (a) Electrolyte uptake of polymer phase by volume (left axis); inorganic content 

by weight (right axis). (b) Swollen modulus measured with DMA (left axis); inorganic content by 

weight (right axis). 

 

It is expected that, in general, swollen particle-polymer composites with higher inorganic 

content and less electrolyte uptake exhibit larger stiffness. The results from the DMA tests on 

particle brushes, however, do not show a correlation. The particle brush systems swollen with 

liquid electrolyte underwent compression at rates similar to those experienced by the battery stack 

up during pouch cell construction; the resulting estimated stiffnesses are plotted in Fig. 4b. 

Inorganic content is also plotted on the right axis, unveiling a lack of relationship with mechanics. 

The particle brushes which improved the baseline lithium metal performance all demonstrate much 
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lower stiffness (30-80 kPa) than lithium metal itself and other researched coatings whose modulus 

is cited as a dendrite suppressing trait (~GPa).56–58 Even when the particle brushes are in the dry 

state (no liquid electrolyte present), the modulus measured with DMA does not exceed 200 kPa 

(Fig. S11b), and the Sneddon modulus determined from PeakForce Quantitative Nanomechanical 

Analysis (QNM) AFM measurements does not exceed the MPa range (Fig. S12). Creep was also 

investigated with DMA, as it has been discussed in the literature that the viscoelasticity of polymer 

electrolytes can help physically maintain their interface with lithium metal, preventing 

heterogeneous void formation which can be “hot spots” of ion flux.59 While the polymers in the 

particle brush system create observable viscoelastic behavior, differences in creep rate (on the 

scale of 10-4 s-1)—the most relevant measurement due to the relatively constant pressure boundary 

conditions of a pouch cell—were not observed (see Fig. S11c). 

While mechanics were found to not correlate to lithium metal cycling performance, 

properties related to ionic transport shed light on relevant improvement mechanisms. Figure 5a 

indicates that the coatings which improved baseline lithium cycling (Mn40-GD0.46 and Mn329-

GD0.21) maintain ionic conductivity in the mS cm-1 range throughout the measured temperature 

range (0-90 ˚C; see also Fig. S13 with 80 and 90 ˚C measurements with deviations from Arrhenius 

behavior). The ionic conductivity values of these two coatings are fairly similar to those of the 

liquid electrolyte across the temperature range studied. Interestingly, Mn40-GD0.46 has 

significantly longer cycle life yet lower ionic conductivity than Mn329-GD0.21. Likewise, the 

range of estimated activation energies calculated from the Arrhenius relation are lowest for 

Mn329-GD0.21 and most comparable to the activation energies estimated for the liquid electrolyte 

(Fig. 5b). This can be attributed to the highest content of liquid electrolyte taken up by the polymer 

in Mn329-GD0.21. 
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Figure 5. Temperature dependent ionic conductivity data comparing Mn40-GD0.46, Mn43-

GD0.57, and Mn329-GD0.21 swollen particle brush coatings. (a) Ionic conductivity plotted as a 

function of inverse temperature. (b) Activation energy values, which were obtained via Arrhenius 

model best-fits to the ionic conductivity data. 

 

It has been previously proposed that a polymer additive within a liquid electrolyte, while 

slightly reducing the ionic conductivity, can control the progression of local inhomogeneities by 

dampening ion transport near the electrode interface.60 This may explain why a coating that slightly 

reduces ionic conductivity compared to the liquid system can lead to an improved cycle life. 

Therefore, it is reasonable to conclude that the mobile PEO units of the polymer chains that 

participate in ionic transport are effectively slowing it down.29 The mobility of the polymer and its 

ability to dissociate and transfer lithium ions across its coordination sites is a result of a balance 

between the free volume and the distance between chains. This is closely related to the grafting 

density of the particle brushes. On one end of the spectrum, a high grafting density, while 

shortening the distance between chains, reduces free volume in the system as well as increases 

tortuosity of the pathway of lithium ion coordination structures must take. This may slow down 

the overall lithium ion transport too much at the tested rates, which could explain the worsened 

performance by Mn43-GD0.57. On the other hand, grafting density that is too low poses different 
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challenges such as an excessive space between chains and not enough overall polymer 

concentration to effectively dissociate ion clusters in a liquid-rich system. It is worth mentioning 

that lower grafting density results in a greater exposed surface area of silica nanoparticles. The 

silica surface has Lewis acidic character which can also help with ion dissociation while being 

itself unable to contact and react with the lithium metal surface, in the case of the particle brushes.61 

These effects at the two extreme ends of grafting density may explain the optimization curve seen 

in the relationship in Fig. 2c, where improved cycle life skews towards lower grafting densities 

with the most significant improvement shown by an intermediate grafting density. This 

relationship may be particular to the poly(PEGMA500) polymer design, as prior literature on 

particle brushes with linear PEO are optimized by maximizing grafting density or by introducing 

additional unconstrained polymers, with good performance resulting from a higher degree of 

separation and fewer interactions between particles.22,28,29,62 

The proposed mechanism for lithium metal cycle life extension by densification of cycled 

lithium morphology via the particle brushes in this study appears to favor dendrite prevention 

rather than by suppressing dendrite growth due to mechanical stiffness. This preventative 

mechanism consists of participation in ionic transport from the polymer regime of the particle 

brushes, which is optimized for a particular grafting density. When introduced to the ether-based 

liquid electrolyte used in this study, the PEGMA500-based polymer brushes grafted from silica 

nanoparticles can harmoniously dissociate lithium ions and pass them across coordination 

structures. The homogeneous arrangement of particle brushes and lack of agglomeration of 

particles promotes this effect to occur evenly through the swollen particle brush layer. 

It remains in question whether further improvement may be possible by designing the 

system to also be effective at mechanically blocking dendrite growth. It was found that for particle-
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polymer separators, both ion transport homogeneity and mechanical enhancements should be key 

design considerations to achieve better lithium metal cycling.10 An additional coating was 

synthesized that consisted of an in-situ crosslinked matrix of poly(ethylene glycol) diacrylate 

(PEGDA, Mn = 575 g mol-1) scaffolding the swollen particle brushes. While it was initially 

hypothesized that this crosslinked PEGDA scaffolding would provide higher mechanical stiffness 

and resistance to creep, the measured mechanical properties were not found to be very different 

compared to the particle brush system (see Fig. S14). Intriguingly, the containment of the particles 

by this scaffolding, while still improving the cycle life by decreasing mossy lithium from the bare 

lithium baseline, resulted in heterogeneous stripping behavior (Fig. S14d). In these PEGMA500-

based particle brush systems which rely on some amount of ionic transport in the polymer, 

mechanical enhancements likely diminish the mobility required of the polymer to facilitate the 

establishing and breaking of Li+ ion coordination structures. Future work on these as well as novel 

particle brush designs will explore a wider range of molecular weights, grafting densities, and 

polymer architectures which can transport lithium effectively in different electrolytes, hoping to 

reveal more about their mechanistic impact on lithium metal battery performance and failure 

modes. Further improvements to lithium metal coating design are expected to further extend cell 

cycle life and further delay the non-dendritic failure modes. 

Conclusion 

In this study, novel particle brushes were synthesized and evaluated as coatings for lithium 

metal battery electrodes. The objective was to investigate the impact of different particle brush 

architectures on the cycle life of symmetric cells, particularly during early stage cycling with ether-

based liquid electrolyte. The findings revealed that specific particle brush structures effectively 

controlled the density of cycled lithium morphology as evaluated with micro-CT, leading to as 
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much as a four-fold increase in cycle life. The failure mode observed in the coated Li cells was not 

attributed to dendrite formation, but rather to the consumption of lithium due to the intensive 

cycling and prolonged cycle life, which further indicates the effectiveness of the coating. The best 

performance was obtained by optimizing the grafting density of the particle brushes, which 

promoted effective ionic transport through the coating by facilitating adequate polymer 

participation. Surprisingly, the mechanical behaviors of the coatings were not critical to dendrite 

mitigation, indicating a stronger reliance on dendrite prevention than on dendrite blocking to 

improve cycle life. Overall, this research sheds new light on the design of particle brush coatings 

and their marked improvement of the performance of lithium metal batteries with liquid 

electrolytes. 
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