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 Autonomic, thermally-induced shutdown of Lithium-ion (Li-ion) batteries 
is demonstrated by incorporating thermoresponsive polymer microspheres 
(ca. 4  µ m) onto battery anodes or separators. When the internal battery 
environment reaches a critical temperature, the microspheres melt and coat 
the anode/separator with a nonconductive barrier, halting Li-ion transport 
and shutting down the cell permanently. Three functionalization schemes 
are shown to perform cell shutdown: 1) poly(ethylene) (PE) microspheres 
coated on the anode, 2) paraffi n wax microspheres coated on the anode, and 
3) PE microspheres coated on the separator. Charge and discharge capacity 
is measured for Li-ion coin cells containing microsphere-coated anodes or 
separators as a function of capsule coverage. For PE coated on the anode, 
the initial capacity of the battery is unaffected by the presence of the PE 
microspheres up to a coverage of 12 mg cm  − 2  (when cycled at 1C), and 
full shutdown ( > 98% loss of initial capacity) is achieved in cells containing 
greater than 3.5 mg cm  − 2 . For paraffi n microspheres coated on the anode 
and PE microspheres coated on the separator, shutdown is achieved in cells 
containing coverages greater than 2.9 and 13.7 mg cm  − 2 , respectively. Scan-
ning electron microscopy images of electrode surfaces from cells that have 
undergone autonomic shutdown provides evidence of melting, wetting, and 
resolidifi cation of PE into the anode and polymer fi lm formation at the anode/
separator interface. 
  1. Introduction 

 Li-ion batteries are vital energy storage 
devices due to their high specifi c energy 
density, lack of memory effect, and long 
cycle life. [  1–4  ]  They are predominantly 
used in consumer electronics; however, 
improvements in safety are required for 
full acceptance of Li-ion cells in transporta-
tion applications, such as electric vehicles 
or aerospace systems. [  5  ,  6  ]  The presence of 
a volatile, combustible electrolyte and an 
oxidizing agent (lithium oxide cathodes) 
makes the Li-ion cell susceptible to fi res 
and explosions. [  7  ]  According to the Federal 
Aviation Administration (FAA), from 1991 
to 2010, there were 113 battery-related air 
incidents involving fi re, smoke, extreme 
heat, or explosion. [  8  ]  Thermal overheating, 
electrical overcharging, or mechanical 
damage can trigger thermal runaway and 
when left unchecked, combustion of bat-
tery materials. 

 When a Li-ion battery cell exceeds a crit-
ical temperature (ca. 150  ° C), exothermic 
chemical reactions are initiated between 
the electrodes and the electrolyte, raising 
the cell’s internal pressure and tempera-
ture. [  9–13  ]  The increased temperature accelerates these chemical 
reactions, producing more heat through a dangerous positive 
feedback mechanism that leads to thermal runaway. [  5  ,  14  ]  Fur-
ther, the onset temperature of thermal runaway in Li-ion bat-
teries decreases with increasing state of charge, making Li-ion 
cells even more susceptible to explosive failure. [  15  ,  16  ]  

 To prevent catastrophic thermal failure in commercial Li-ion 
batteries, either positive temperature coeffi cient (PTC) ele-
ments or shutdown separators are used. PTC elements exhibit 
a large increase in resistance upon thermal activation, halting 
the fl ow of current at the battery terminal. [  14  ]  Shutdown sepa-
rators rely on a phase change mechanism to limit ionic trans-
port via formation of an ion-impermeable layer between the 
electrodes. [  17  ,  18  ]  

 Shutdown separators typically consist of a poly(ethylene)-
(PE)–polypropylene(PP) bilayer or a PP–PE–PP trilayer struc-
ture. Above a critical temperature, the porous PE layer softens, 
collapsing the fi lm pores and preventing ionic conduction, while 
the PP layer provides mechanical support. However, when the 
internal cell temperature rises to the softening temperature of 
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     Figure  1 .     Schematic representation of microsphere-based shutdown concept for Li-ion batteries. Electrodes are functionalized with thermoresponsive 
microspheres which, above a critical internal battery temperature, undergo a thermal transition (melt). The molten capsules coat the electrode surface, 
forming an ionically insulating barrier and shutting down the battery cell.  
the separator, the separator shrinks because of residual stresses 
induced during stretching of the separator fi lms and the differ-
ence in density between the crystalline and amorphous phases 
of the separator materials. [  19  ]  In a PP–PE–PP trilayer structure, 
there is a buffer of only 35  ° C between the melting point of 
PE (130  ° C) and the melting point of PP (165  ° C). If cell tem-
perature continues to increase post-shutdown as a result of 
thermal inertia, the separator can fail, exposing the electrodes 
to internal shorting. [  14  ,  20  ]  In some cases, cells with a shutdown 
separator remain shutdown for as little as 3 min before failing 
due to internal shorting. [  21  ]  

 Other shutdown separators for Li-ion batteries have been 
reported in patent literature. Faust et al. described placing a 
wax-coated fabric between an electrode and the separator, where 
the wax on the fabric melts to close separator pores, [  22  ]  and 
Ullrich et al. described a sintered wax particle-coated electrode 
for thermal shutdown. [  23  ]  Electrolyte additives [  12  ,  14  ,  24–27  ]  ther-
mally stable electrode materials, [  28–32  ]  and electrolytes capable of 
thermally triggered cross-linking [  33  ]  are also being investigated 
as thermal protection mechanisms to improve battery safety. 

 Our approach to improving the safety of Li-ion batteries is 
through the incorporation of functional microspheres into bat-
tery components. Microspheres can be engineered to respond 
to a variety of stimuli, including pressure, [  34–38  ]  pH, [  39–41  ]  electric 
fi elds, [  42–45  ]  magnetic fi elds, [  46–49  ]  and temperature. [  50–53  ]  Due to 
the inherent role of temperature in reactions occurring between 
electrolytes and electrodes near thermal runaway conditions, we 
propose the use of thermoresponsive microspheres to perform 
autonomic shutdown ( Figure    1  ). In this concept, battery elec-
trodes or the separator are coated with polymer microspheres 
(PE or paraffi n wax) that undergo a thermal transition (melt) 
at a predetermined trigger temperature. The molten material is 
envisioned to wet the interface and provide an ion-insulating 
barrier, which prevents further battery operation.  

 The proposed microsphere-based shutdown mechanism 
offers signifi cant advantages over current shutdown separator 
technology. First, unlike commercial shutdown separators which 
shrink and risk electrode shorting, ionic conduction is blocked 
by in situ formation of a conformal polymer fi lm on the elec-
trode surface. Second, PE microsphere technology can be used 
in conjunction with trilayer separators for an increased level of 
battery safety. Third, a wide range of polymer microspheres can 
be used in order to optimize shutdown response by tailoring 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
trigger temperature, rate of shutdown, and thermo mechanical 
stability for specifi c battery designs. Finally, a capsule-based 
approach provides the opportunity for multifunctional response 
beyond thermal shutdown, including the delivery of protective 
or restorative chemical species. 

   2. Results 

  2.1. Microsphere Preparation and Characterization 

 PE microspheres were prepared using a solvent evaporation 
technique. PE (8 g) was dissolved in xylenes (55 mL) at 75  ° C. 
The PE-xylene mixture was added to 150 mL of an aqueous sur-
factant mixture consisting of 1 wt% Brij 76 (75 mL) and 1 wt% 
sodium dodecyl sulfate (SDS; 75 mL). The combined mixture 
was heated to 90  ° C and mechanically stirred at 1000 rpm. The 
xylene was allowed to evaporate for 30 min under continuous 
agitation, at which point an additional 90 mL of the Brij/SDS 
surfactant mixture was added to the reaction beaker. Stirring 
was continued for an additional 30 min, at which point the reac-
tion beaker was removed from the heated bath. Microspheres 
were gravimetrically separated from the reaction solution, 
decanted, centrifuged and rinsed three times with deionized 
water to remove excess surfactant. PE microspheres prepared 
with this method have a smooth exterior surface ( Figure    2  , 
inset) and are polydisperse in diameter. A histogram of cap-
sule diameter (Figure  2 ) shows a bimodal distribution with 
a number average and weight average diameter of 4  µ m and 
9  µ m, respectively. The melting point of PE microspheres was 
determined to be 105  ° C by DSC analysis (Supporting Informa-
tion (SI), Figure S1).  

 Paraffi n wax microspheres were prepared using a meltable 
dispersion technique. Paraffi n wax (20 g) was melted at 65  ° C 
and added to 175 mL of an aqueous surfactant mixture of 1% 
poly(vinyl alcohol) (25 mL) and deionized water (150 mL). The 
combined mixture was heated to 70  ° C and mechanically stirred 
at 2000 rpm. After emulsifying for 2 min, deionized ice-water 
(500 mL at 0  ° C) was added to the reaction beaker to solidify 
the paraffi n microspheres. Microspheres were rinsed to remove 
excess surfactant and air-dried. The resulting capsules have a 
rough surface morphology (SI, Figure S2) and have a number 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 583–590
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     Figure  2 .     Histogram of PE capsule diameter. Inset: scanning electron 
microscopy (SEM) image of PE microsphere surface morphology.  

     Figure  3 .     Characterization of anodes coated with thermally-triggered PE 
microspheres. Inset: optical image of a representative anode surface after 
spin-coating at 3000 rpm from a 30 wt% suspension of PE microspheres 
in NMP solvent.  
average diameter of 42  µ m and a weight average diameter of 
47  µ m. 

   2.2. Electrode and Separator Functionalization 

 PE and paraffi n wax microsphere coated anodes were prepared 
by spin-coating a suspension of microspheres onto graphitic 
anode disks (1.27 cm dia.). The microsphere suspension was 
prepared by combining microspheres with poly(vinylidene fl uo-
ride) binder in a 10:1 ratio, and mixing with varying amounts 
of n-methyl pyrrolidone (NMP) solvent. The suspension was 
then manually stirred to ensure a homogeneous dispersion of 
binder. We defi ne the surface coverage (  ρ  ) of microspheres on a 
substrate material as   ρ    =   m  capsule / SA  substrate , where  m  capsule  is the 
mass of capsules functionalized onto the substrate and  SA  substrate  
is the surface area of the substrate. The surface coverage of 
microspheres on each anode was controlled by adjusting the 
concentration of microspheres in the suspension and the rota-
tion speed of the spin-coater ( Figure    3  ). Higher surface coverage 
was obtained by increasing the concentration of microspheres 
in suspension or by reducing the rotation speed. A representa-
tive anode surface after spin-coating at 3000 rpm from a 30 wt% 
suspension of PE microspheres in NMP solvent is shown in 
Figure  3 , inset. During the spinning process microspheres tend 
to accumulate near the edge of the anode and during the drying 
process some aggregation of microspheres is evident. Profi lom-
etry of an anode with   ρ    =  5.5 mg cm  − 2  gives an RMS rough-
ness of 5.9 micrometers, compared to an RMS roughness of 
1.5 micrometers for a control anode (  ρ    =  0 mg cm  − 2 ).  

 A similar procedure was used to functionalize commercial 
trilayer PP–PE–PP Celgard 2325 separators (1.75 cm dia.) with 
PE microspheres. Surface coverage characterization for the 
coated separators is presented in SI, Figure S3. Higher surface 
coverage separators can be obtained by depositing the micro-
sphere suspension onto the separator without spin-coating and 
allowing the separator to air dry. 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 583–590
 Following electrode functionalization, anodes and separators 
were assembled into coin cells containing Li(Ni 1/3 Co 1/3 Mn 1/3 )O 2  
cathodes and 1.2  M  LiPF 6  in ethylene carbonate (EC):ethyl 
methyl carbonate (EMC) solvent in a 3:7 ratio. 

   2.3. Coin Cell Testing 

 The shutdown performance of coin cells containing coated 
anodes (or separator) was assessed using CR2032 type Li-ion 
coin cells. Cells were fi rst cycled at the 1C rate from 3 to 4.2 V 
at room temperature (25  ° C) to verify cell operation. Voltage 
and current were monitored with time, and the resulting 
behavior for room temperature testing is shown in  Figure    4  a. 
Coin cells containing anodes coated with PE microspheres 
were then heated to 110  ° C by immersion in heated silicone oil 
(1 L) during cell cycling. Cell shutdown was verifi ed (Figure  4 b) 
in contrast to control cells in which no functionalization of the 
anode was used (Figure  4 e). Cells were then heated to 135  ° C 
(activation temperature of the Celgard 2325 commercial shut-
down separator) with no further change in the voltage or cur-
rent profi le of the cell, indicating that the cell was permanently 
shut down due to microsphere activation (Figure  4 c). Coin cells 
containing PE microspheres showed similar voltage and cur-
rent profi les to that of control cells both when cycled at room 
temperature and post-shutdown. Post-cycling dismantling of 
the control cells revealed that the separator was deformed as 
a result of shutdown activation, risking a short circuit (SI 
Figure S4).  

 The specifi c charge capacity for coin cells with increasing 
levels of PE microsphere on the anode is shown in  Figure    5  a. 
At low PE microsphere coverages (  ρ    =  2.0 mg cm  − 2 ), specifi c 
585bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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     Figure  4 .     Voltage and current profi les for coin cells containing a PE microsphere functionalized anode (a–c) and an uncoated anode (control cell) 
(d–f). a) Room temperature cycling profi le for a cell containing a commercial separator and PE microspheres (12.7 mg cm  − 1  coverage) on the anode. 
b) Cycling profi le demonstrating shutdown achieved using PE microspheres on the anode at 110  ° C. c) Cycling profi le at 135  ° C for cell previously shut-
down at 110  ° C. d) Room temperature cycling profi le of a control cell containing only a commercial shutdown separator as a shutdown mechanism (no 
PE microspheres). e) Cycling profi le of a control cell at 110  ° C. f) Cycling profi le of a control cell previously exposed to 110  ° C with shutdown achieved 
by a commercial tri-layer separator at 135  ° C.  

     Figure  5 .     Specifi c charge capacity of cells containing microsphere coated anodes at room tem-
perature and 110  ° C. a) Specifi c charge capacity of cells containing PE microsphere coated 
anodes. b) Specifi c charge capacity of cells containing paraffi n wax microsphere coated 
anodes.  
charge capacity is reduced as a result of thermal treatment 
(110  ° C), but some capacity remains. At   ρ    =  3.5 mg cm  − 2  the 
specifi c charge capacity is reduced by 92% at 110  ° C. The min-
imum observed coverage required for full cell shutdown ( > 98% 
loss in initial capacity) is 7.4 mg cm  − 2 . In this case, shutdown 
occurs within approximately 6 min. The time scale in which 
thermal runaway occurs as a result of a short circuit is approxi-
mately 1 min. [  9  ]  Coverage of 9.2, 10.5, and 20.5 mg cm  − 2  induce 
shutdown within 2.5 min, 65 s, and 37 s, respectively (see SI, 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhwileyonlinelibrary.com
Table S1). Although fast shutdown times 
( < 1 min) can be achieved with higher surface 
coverage of PE microspheres, other polymers 
are being investigated to meet this require-
ment at a lower surface coverage. At room 
temperature, capacity of coin cells is unaf-
fected until   ρ    =  12 mg cm  − 2 , when cycling at 
a rate of 1C.  

 To demonstrate that the microsphere-
based autonomic shutdown concept is not 
limited to PE microspheres alone, paraffi n 
wax microspheres (m.p. 60  ° C) were incorpo-
rated into Li-ion coin cell batteries and tested 
both at room temperature and at 65  ° C. Spe-
cifi c charge capacity as a function of par-
affi n wax microsphere coverage is shown in 
Figure  5 b. Like cells containing PE-coated 
anodes, cell shutdown is achieved above a 
certain critical coverage (  ρ    =  2.9 mg cm  − 2 ). Shutdown using 
paraffi n wax microspheres is achieved rapidly, with coverages 
of 7.5, 8.6, and 21.0 mg cm  − 2  resulting in shutdown in 244, 22, 
and 5.2 seconds respectively (SI, Table S2). Room temperature 
capacity of coin cells is unaffected until   ρ    =  7.6 mg cm  − 2  when 
cycling at 1C. 

 We also coated commercial Celgard 2325 separators with PE 
microspheres and demonstrated autonomic shutdown at 110  ° C. 
Specifi c charge capacity as a function of capsule coverage is 
eim Adv. Energy Mater. 2012, 2, 583–590
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     Figure  6 .     Specifi c charge capacity of cells containing PE microsphere 
coated separators at room temperature and at 110  ° C.  
shown in  Figure    6  . The critical coverage for full shutdown with 
PE-functionalized separators was found to be   ρ    =  13.7 mg cm  − 2 , 
a value higher than for PE or paraffi n-functionalized anodes.  

   2.4. Impedance Testing 

 To verify cell shutdown, impedance tests were performed on 
coin cells at various (low, medium, and high) coverages. Cell 
impedance increased by several orders of magnitude as a result 
of polymer fi lm formation during shutdown ( Table    1  ). For 
example, at ca. 9 mg cm  − 2  coverage, the cell impedance increases 
by roughly two orders of magnitude from 25  ° C to 110  ° C. We 
also see a signifi cant increase in post-shutdown impedance for 
cells above the critical coverage concentration (  ρ    =  2.9 mg cm  − 2 ) 
in comparison to control cells (  ρ    =  0 mg cm  − 2 ).  

 Impedance data for coin cells cycled at room temperature 
reveals that a signifi cant increase occurs for the two highest 
coverages tested. Nevertheless, at a 1C cycling rate, the effect of 
increased impedance on battery capacity does not appear to be 
evident. With the current system, testing at higher cycling rates 
may show a sacrifi ce in battery capacity. However, future studies 
will focus on improving this performance via optimization of 
© 2012 WILEY-VCH Verlag GmbAdv. Energy Mater. 2012, 2, 583–590

   Table  1.     Impedance data (at 1 kHz) for coin cells cycled at 25  ° C and 
110  ° C. 

Coverage,   ρ   
[mg cm  − 2 ]

Impedance [ Ω ] (1 kHz)

@ 25  ° C @ 110  ° C

None (0) 8.14 368

Low (1.8–2.2) 8.88 342

Medium (8.9–9.2) 9.75 1010

High (16.7–18.1) 18.8 10 500
sphere size, surface functionalization, binder concentration, 
and surface coverage. 

   2.5. Thermal Stability 

 To maintain cycle life and ensure safe operation, Li-ion bat-
teries typically operate below 45  ° C. [  54  ,  55  ]  The stability of the 
PE microsphere functionalized anodes was investigated at 
45  ° C, and compared to cell performance at room temperature 
(25  ° C). A coin cell with   ρ    =  6.6 mg cm  − 2  was cycled at 25  ° C 
and 45  ° C. Specifi c charge capacities (averaged over 3 cycles) 
are 122 mAh g  − 1  and 120 mAh g  − 1 , respectively, indicating no 
signifi cant loss in capacity as a result of elevated temperature. 

   2.6. Post-Shutdown Electrode Surface Morphology 

 Post-shutdown, both control cells and cells containing PE 
microspheres were disassembled and the anode and separator 
were isolated from the battery casing and allowed to dry. A rep-
resentative control anode and coated anode before and after 
shutdown were examined by SEM. An anode from a control cell 
that was cycled at 110  ° C is shown in  Figure    7  a,d. An anode 
coated with PE microspheres (  ρ    =  7.7 mg cm  − 2 ) is shown in 
Figure  7 b,e. The microspheres appear uniformly distributed 
in a layer approximately 75  µ m in height. Although this layer 
is roughly three times thicker than a commercial trilayer sepa-
rator, the cell performs comparably to a control cell at 1C. How-
ever, coating thicknesses may have to be decreased to avoid 
sacrifi cing high energy density and for high rate performance 
(above 1C). For cells where full shutdown occurs at 110  ° C, the 
PE microspheres have melted completely and infi ltrated the 
anode, effectively blocking Li-ion transport (Figure  7 c,f).  

 For cells where full shutdown does not occur, the melted 
PE microspheres only partially infi ltrate the anode, leaving 
some ion-conductivity remaining (see  Figure    8  a). For cells with 
high PE microsphere coverages (  ρ    =  20 mg cm  − 2 ), an excess 
of molten PE exists which forms a dense fi lm ca. 20  µ m thick 
on the surface of the anode (see Figure  8 b). In this case, some 
transfer of molten PE occurs onto the separator as well (see SI 
Figure S5b,d). However, the fi lm on the separator is thin (ca. 
4  µ m) compared to the anode.   

   3. Conclusion 

 Autonomic shutdown of a Li-ion battery was demonstrated 
using polymer microspheres that melt upon heating and form 
a barrier to Li-ion conduction. Both PE (ca. 4  µ m) and paraffi n 
microspheres (ca. 42  µ m) spin-coated onto graphite anodes at 
concentrations of 7.4 mg cm  − 2  (PE) and 2.9 mg cm  − 2  (paraffi n) 
reduced specifi c charge capacity in Li-ion coin cell batteries by 
more than 98% when heated to 110  ° C (PE) or 65  ° C (paraffi n). 
PE microspheres coated onto a commercial trilayer separator at 
a concentration of 13.7 mg cm  − 2  also demonstrated autonomic 
shutdown at 110  ° C. Electron microscopy of anodes after shut-
down revealed evidence of in situ formation of a conformal PE 
fi lm and PE infi ltration of the anode surface. Since the melt 
587H & Co. KGaA, Weinheim wileyonlinelibrary.com
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     Figure  8 .     Scanning electron microscopy images of anode cross sec-
tions. a) Cycled anode cross section after shutdown at 110  ° C (  ρ    =  
2.2 mg cm  − 2 ). b) Cycled anode cross section after shutdown at 110  ° C 
(  ρ    =  20.5 mg cm  − 2 )  

     Figure  7 .     Scanning electron microscopy images of anode cross sections 
and surfaces. a) Cross-sectional view of an anode cycled at 110  ° C (con-
trol), b) anode with   ρ    =  7.7 mg cm  − 2  before incorporation into c) a coin 
cell anode with   ρ    =  7.7 mg cm  − 2  and cycled at 110  ° C. d) Top view of a 
cycled and heated (110  ° C) anode (control). e) Top view of anode with 
  ρ    =  7.7 mg cm  − 2  before incorporation into a coin cell. f) Cycled, heated 
(110  ° C) anode with  ρ   =  7.7 mg cm  − 2 . The electrode increases in thick-
ness by  ∼ 20  µ m.  
transition temperature of the encapsulated polymer dictates the 
triggering temperature of cell shutdown, this highly customiz-
able mechanism should be applicable to a wide variety of bat-
tery chemistries and their unique shutdown requirements. 

   4. Experimental Section 
  Materials and Equipment : Low-density poly(ethylene) (LDPE, 

 M  w   =  4000, m.p. 110  ° C), Brij 76 surfactant, and sodium dodecyl sulfate 
(SDS), paraffi n wax (m.p. 58–60  ° C), and n-methylpyrrolidone (NMP) 
solvent were purchased from Sigma-Aldrich. Xylene was purchased from 
Fisher Scientifi c. Poly(vinylidene fl uoride) (PVDF) binder was purchased 
8 © 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
from Alfa Aesar. Bulk mesocarbon microbead (MCMB) anode material 
(Enerland), Li(Ni 1/3 Co 1/3 Mn 1/3 )O 2  (Li333) cathode material (Enerland), 
Celgard 2325 separator material, and 1.2 M LiPF 6  in EC:EMC electrolyte 
were obtained from Argonne National Laboratory. Anodes were cut to the 
appropriate size using a 1.27 cm punch purchased from McMaster-Carr. 
Coated anodes were prepared using a Specialty Coating Systems spin-
coater. C2032-type coin cell hardware components and the coin cell 
crimper were purchased from MTI Corporation, with the exception of 
coin cell springs, which were purchased from Hohsen/Pred Materials 
Corp. The thermal testing apparatus includes 50 cP silicone oil (Sigma-
Aldrich), hose clamps, and electrical leads. All coin cells were cycled 
using an Arbin BT2000 cycler. 

  Anode and Separator Coating Methods : Microsphere coated anodes 
and separators were prepared by spin-coating a microsphere suspension 
directly onto the graphitic anode substrate or polymer separator. The 
materials required for preparation of the anodes and separators include 
the suspension to be spin-coated, Beckton-Dickinson syringes, 18 gauge 
needles, and a spin-coater apparatus. Using a 1 mL syringe outfi tted 
with an 18 gauge needle, the suspension (0.075 mL) was deposited onto 
a spinning anode or separator disk. Once coated, anodes and separators 
were removed from the spin-coater stage and air-dried for a minimum 
of 24 h before incorporation into coin cells. Surface coverage was 
determined gravimetrically by weighing each dried anode and dividing 
by the anode disk surface area. 

  Cell Assembly and Testing Method : Coated anodes (or separators) 
were assembled into coin cells in an argon-fi lled glove box. The stacking 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 583–590
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sequence of the coin cell consisted of the anode cap, spring, spacer, 
anode disk, Celgard 2325 separator, 1.2  M  LiPF 6  in EC: EMC electrolyte 
(120  µ L), cathode disk, spacer, and top cap. 

 After assembly, cells were removed from the glove box and mounted 
in the cycler for testing. Cells were charged and discharged 3 times at a 
constant current of  ± 1.75 mA. For thermal testing, the cycling program 
commenced as soon as the cell was fully submerged in oil. The cell was 
allowed to cycle until it completes 3 full cycles. Voltage after the third 
cycle is briefl y monitored to confi rm that the cell did not short circuit, 
but rather shut down. The cell is then removed from the oil, allowed to 
cool, and removed from the thermal testing clamp. 

  Impedance Testing Method : Coins cells were assembled with various 
coverages of PE microspheres and tested as described above prior to 
impedance testing. Impedance testing was performed in a frequency 
range of 0.05 Hz to 100 kHz using both a CH Instruments Model 660 
Electrochemical Workstation and a Schlumberger SI 1260 Impedance/
Gain-Phase analyzer. 

  Profi lometry Testing Method : Profi lometry testing was performed on 
sample uncoated and spin-coated graphite electrodes (dia. 1.27 cm) 
using a Sloan Dentak 3  surface profi lometer. Measurements were taken 
at a stylus speed of 2.5  µ m s  − 1  and over a distance of 4000  µ m. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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