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 Abstract 

  
A Failure and Structural Analysis of Block Copolymer Electrolytes for Rechargeable 

Lithium Metal Batteries 

 
by  
 

Gregory Michael Stone 
 

Doctor of Philosophy in Chemical Engineering  
University of California, Berkeley  
Professor Nitash Balsara, Chair 

 

The dissertation reports on the use of block copolymer electrolytes in rechargeable 
lithium metal batteries.  The block copolymer studied is a polystyrene-block-
poly(ethylene oxide) (SEO) block copolymer with roughly equal volume fractions of each 
block.  A variety of molecular weights these symmetric SEO copolymers are reported 
on.  A series of poly(ethylene oxide) (PEO) homopolymer electrolytes are also studied 
to serve as controls.  The focus of this dissertation is on the failure of batteries with 
these block copolymer electrolytes and the structure of the block copolymer electrolytes 
during operation. 

The failure mechanism of interest is dendrite formation on the lithium metal electrode 
during recharge.  These dendrites grow through the electrolyte, reach the other 
electrode, and short-circuit the battery.  A comparative study was performed with both 
the SEO and PEO electrolytes.  The study focuses on the total operation time of these 
electrolytes before the short-circuit occurs.  The SEO electrolytes microphase separated 
into a lamellar microstructure.  The microstructure of the SEO electrolytes increase that 
amount of charge that can be passed before short-circuit by a factor of 11-48 over PEO 
electrolytes indicating an enhanced resistance to dendrite formation.  A disordered SEO 
electrolyte (no microstructure) showed no improvement over PEO electrolytes.  The 
applied current density and charging time were also varied to determine the effect these 
experimental conditions have on short-circuit due to dendrite formation in SEO 
electrolytes. 

To further understand this failure mechanism, the coverage and size of nonuniform, 
dendritic structures is studied using scanning electron microscopy (SEM).  For the 
homopolymer electrolyte after short-circuit, the fractional surface coverage of these 
nonuniform structures on the lithium metal electrode is low (0.11 ± 0.04).  For the 
microstructured block copolymer electrolyte, the fractional surface coverage of dendritic 
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structures remains low (ca. 0.07) even after a significant amount of cycling.  After short-
circuit in the microstructured block copolymer electrolyte cells, the fractional surface 
coverage dramatically increases to nearly full coverage (0.88 ± 0.05).    The size of the 
smallest nonuniform growths on the surface is found to be ca. 500 nm in diameter and 
independent of electrolyte.  This is significantly larger than the domain size of the block 
copolymer (30.4 nm).  This indicates that the microstructure of the block copolymer 
does not limit the overall size of growing lithium metal dendrites. 

The structure of the block copolymer electrolyte in a symmetric electrochemical cell with 
two lithium metal electrodes is also investigated in this dissertation.  An initially 
disordered sample at elevated temperatures spontaneously orders with time.  This 
spontaneous ordering appears to be salt concentration dependent with lower salt 
concentrations electrolytes not ordering within the experimental time frame.  With the 
application of a constant voltage, a sample that is unambiguously disordered initially 
can be reversibly ordered.  The ordering is the equivalent of changing the ODT by 50 
°C.  With the application of a constant current density, a sample is shown to undergo an 
order-to-disorder transition followed by an order-to-order transition to an unexpected 
morphology.  The time to induce this morphological change is related to the applied 
current density with larger current densities leading to shorter induction times.       
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Chapter 1 

Introduction 
 

 

1.1 Rechargeable Lithium Metal Batteries  

Battery technology is of considerable current research interest due to its potential use in 
electric vehicles and grid storage.  The lithium-ion battery is the most advanced 
rechargeable battery technology in use today.  These batteries currently power mobile 
electronics and will provide power for the first generation of electric vehicles that are 
being manufactured today [1, 2]. A lithium-ion battery is comprised of a graphite anode, 
a transition metal oxide cathode for intercalating lithium ions, and an organic liquid 
electrolyte that is usually a mixture of alkyl carbonates and a lithium salt.  It has been 
recognized that batteries with higher energy densities will be needed for large scale 
adoption of electric cars.  One approach for accomplishing this is by replacing the 
graphite anode with lithium foil  [1]. Battery chemistries that have energy densities 
comparable to gasoline - lithium/air and lithium/sulfur - are also based on a lithium metal 
anode [3].  While lithium metal anodes are routinely used in primary batteries, they have 
not penetrated the rechargeable battery market.     

 

1.1.1 Electrolytes 

Conventional liquid electrolytes cannot be used in lithium metal batteries due to 
irreversible reactions that occur between the electrolyte and lithium metal and dendrite 
formation on the lithium surface during charging.  Solid polymer electrolytes have been 
found to limit this reactivity with lithium metal [4, 5].  The most promising example of a 
solid polymer electrolyte is poly(ethylene oxide) (PEO).  This polymer has been found to 
be stable against lithium metal and has a relatively high ionic conductivity [1, 2, 4-7].  
Solid polymer electrolytes do have some limitations not seen in liquid electrolyte 
systems.  The room temperature conductivity of polymer electrolytes is too low for any 
practical application.  For PEO, this is due to the crystallinity of the polymer below ~60 
°C [6, 8].  This limits the applications for batteries with solid polymer electrolytes to 
systems that can be easily heated (i.e. electric vehicle and grid storage applications) [1, 
2, 5, 6, 9, 10].  Gel polymer electrolytes are a combination of polymer and liquid 
electrolytes intended to increase the room temperature conductivity of the polymer 
electrolyte.  The addition of liquid electrolyte precludes the use of a lithium metal 
electrode and restricts the application of these electrolytes to conventional lithium-ion 
systems as seen today in cell phone and laptop batteries [5, 6, 11].  The switch to a 
polymer electrolyte has not yet been able to solve the problem of dendrite formation 
causing short-circuit [2, 12-24].      
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1.1.2 Dendrite Formation in Rechargeable Lithium Metal Batteries 

Lithium dendrite formation is one of the primary modes of failure that is preventing the 
large scale adoption of rechargeable lithium metal batteries [1, 2].  Electrochemical 
dendrite formation occurs due to unstable, nonuniform plating on the metal electrode.  
Numerous groups have tried to gain an understanding as to the main causes and 
underlying phenomena of dendritic growth. 

Barton and Bockris developed a model for the electrochemical growth of dendrite based 
on empirical data they obtained for the initiation and growth of silver dendrites in an 
aqueous electrolyte [25].  This model predicted an optimal tip radius for growth of 
dendrites that was comparable with empirical data.  Oren and Landau used in situ 
optical microscopy and ex situ scanning electron microscopy to understand the 
morphology and growth rates of zinc dendrites in aqueous electrolytes [26].  Deutscher 
and Fletcher developed a nucleation theory that uses a probabilistic model to quantify 
the number of nucleation sites based on empirical current (or potential) vs. time data 
[27, 28].  This model was based on empirical data from zinc dendrite formation from an 
aqueous solution.        

More recently, research interests have shifted toward lithium metal electrodes and 
polymer electrolytes.  Chazalviel presented a migration-limited model wherein the 
limiting current is exceeded and electroneutrality near the growing tip is violated [29].  
This model predicts that the propagation rate of the growing dendrite is limited by the 
rate at which the anion can move away from the growing tip.  Brissot and coworkers 
used in situ optical microscopy in conjunction with Chazalviel’s model to quantify the 
growth rate and short-circuit time at various applied current densities.  These empirical 
results matched the modeling results [18], even when the assumptions of the model are 
violated by operating below limiting current [15].  Liu et al. employed a similar in situ 
optical microscopy setup to quantify initiation times and short-circuit times for polymer 
electrolytes with various additives intended to slow down dendrite growth [12, 19, 24].  
Dollé et al. determined the origin of the nonzero resistance of electrochemical cells after 
dendritic short-circuit in polymer electrolytes.  As the dendrite grows through the cell, it 
heats up, causing the polymer in the path of the growing dendrite to thermally degrade.  
This “burnt” polymer, as described in the paper, prevents further growth of the dendrite 
to the opposing electrode leaving a gap that accounts for the cell resistance after short-
circuit [30].  The Fedkiw group studied the effect of adding silica nanoparticles to short-
chain PEO electrolytes.  They determined that increasing the loading of silica increases 
the resistance to dendrites.  This was attributed to the nanoparticles increasing the 
modulus of the electrolyte and scavenging trace impurities like water [16, 22, 23, 31].   
Monroe and Newman presented a stability analysis model, geared toward polymer 
electrolytes, that takes into account mechanical forces of dendrite initiation into the 
viscoelastic polymer electrolyte [13, 21].  Surface tension is included as a stabilizing 
force, but the magnitude of the effect of surface tension is dwarfed by the effect of 
deformational and compressive mechanical forces at the interface between the polymer 
and the lithium metal.  This model takes into account the shear storage modulus of the 
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solid polymer electrolyte and proposes a critical modulus above which dendrites will 
never initiate.  The determination of a critical modulus was the impetus for previous 
work from our group [32] and the study presented in this thesis based on block 
copolymer electrolytes. 

 

1.2 Block Copolymer Microphase Structure 

 

1.2.1 Block Copolymers 

Copolymers are polymers that contain two or more distinct monomers.  There are 
numerous different examples of arrangements of these different monomers giving 
different properties.  Random copolymers have a random arrangement of the different 
monomers.  There is no discernible pattern to the arrangement of monomers in the 
copolymer chain.  Alternating copolymers alternate the distinct repeat units along the 
entirety of the copolymer chain.  Gradient copolymers have a composition gradient of 
the different repeat units down the length of the copolymer chain.  The preceding 
arrangements of repeat units in a copolymer lead to a blending of the properties of the 
different monomers.  Block copolymers have distinct regions in the copolymer that are 
entirely composed of one repeat unit.  These copolymers can microphase separate (see 
section 1.2.2) leading to a copolymer with well defined phases that each have different 
properties.  By varying copolymer composition, chain length, constituent monomers, 
and monomer arrangement, the properties of the final copolymer can be tuned to meet 
the demands of the final application.  

 

1.2.2 Microphase separation  

Diblock copolymers microphase separate into various structures such as alternating 
lamellae, hexagonally packed cylinders, or the bicontinuous gyroid morphologies (see 
Figure 1).  Because mixing of the two constituent monomers is limited in microphase 
separated block copolymers, the polymer properties from the two blocks can be 
independently tuned. 
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Figure 1.  Schematics of different accessible block copolymer morphologies induced by 
microphase separation.  Left - lamellar morphology.  Center - hexagonally packed cylindrical 
morphology.  Right - bicontinuous gyroid morphology. 

 

The microphase separation is dictated by the balancing of enthalpic forces favoring the 
two blocks to separate and entropic forces favoring mixing of the two blocks.  The Flory-
Huggins interaction parameter, 𝜒𝐴𝐵 (shown in Equation 1) describes the free energy 
cost for mixing of monomers from the two different blocks (block A and block B).   

 

[ ])(2
2 BBAAAB

B
AB Tk

Z εεεχ +−=
          (1)

 

 

In Equation 1, Z is the number of nearest neighbors in the theoretical treatment (i.e. Z = 
6 in the case of a three-dimensional cubic model) and εij is the interaction energy 
between a monomer from block i and a monomer from block j, where i and j can be A or 
B.  𝜒𝐴𝐵 is typically inversely related to temperature, T, as shown in the empirical 
equation below. 

 

βαχ +=
TAB

      (2)
 

 

α and β in Equation 2 are fit parameters.  Figure 2 shows how 𝜒𝐴𝐵 affects microphase 
separation. 
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Figure 2.  Theoretical phase diagram for the microphase separation of a generic block copolymer 
[33].  The different available phases on the diagram are L - lamellar, G - gyroid, C - hexagonally 
packed cylinders, S - Body-centered cubic spheres, CPS – Face-centered cubic spheres. 

 

The ordinate of the plot is the 𝜒𝐴𝐵 parameter multiplied by the degree of polymerization, 
N, of the polymer.  The abscissa is volume fraction of the A block in the copolymer (φA).  
For a polymer with a composition and 𝜒𝐴𝐵N that falls within the envelope in Figure 2 
form the microstructure indicated.  The different microstructures in Figure 2 are the free-
energy minimum for the block copolymer as determined by self-consistent mean field 
theory [33-35].  Therefore, different morphologies are accessible by altering the 𝜒𝐴𝐵 
parameter, altering the volume fraction, altering the degree of polymerization, and/or 
changing temperature.      
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Chapter 2 

Characterization of Block Copolymers Electrolytes 

 

Abstract 
To understand the structure-property relationships in block 
copolymer electrolytes, a complete characterization of the 
materials is needed.  This chapter outlines the techniques 
and analysis that were used to probe the structure of the 
block copolymer electrolytes and the different mechanical 
and electrochemical properties of interest.  Examples are 
given with each technique to more clearly explain the 
methodology of experimentation and analysis. 

 

     

2.1 Small Angle X-ray Scattering 
Small angle X-ray scattering (SAXS) is a powerful tool to determine the structure of 
block copolymer microstructures.  The basic setup for the experiment is shown in Figure 
3.   

 

Figure 3.  Schematic of small angle X-ray scattering experimental setup.  Incident X-ray beam (red) 
hits the sample (green).  Some of the beam is scattered by an angle, θ.  A detector records the 
beam intesity at various positions and transmits that data to a computer for analysis. 
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A coherent, incident X-ray beam is transmitted through the sample and scattered.  This 
scattering occurs at a specific, small scattering angle (θ) that is related to the domain 
spacing of the sample, d, and the wavelength of the incident X-ray beam, λ, by Bragg’s 
Law (Equation 3). 

 

         )sin(2 θλ dn =          (3) 

 

n in the above equation is simply an integer indicating that higher order reflections are 
possible.  The scattering vector, q, is defined in Equation 4. 

          

           λ
θπ )sin(4

=q
               (4) 

 

Combining Equations 3 and 4 provides the simple relationship for determining the 
domain spacing of the sample from the peaks on a scattering intensity (I) versus q plot.  
q* is defined herein as the location of the first peak on a plot of I vs. q. 

 

       *
2
q

d π
=

            (5) 

 

Not only can the domain spacing of the block copolymer microstructure be determined, 
but its morphology can also be determined.  The relative spacing of higher order peaks 
with respect to the q* peak can elucidate which morphology is present in the sample.  
Table 1 provides the relative peak positions for various block copolymer morphologies.   

 

Table 1.  Determining block copolymer morphology from peak positions in scattering profile. 

Block Copolymer Morphology Peak Positions Relative to q* 
Lamellar 1, 2, 3, 4 

Cylindrical 1, √3, 2, √7, 3 
Gyroid 1, √(4/3), √(7/3), √(8/3), √(10/3) 
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An example curve is shown in Figure 4.  This is the 1D scattering profile of a 
polystyrene-block-poly(trimethylene carbonate) with a molecular weight of 5.5 kg/mol 
and 50% mol polystyrene.  The domain spacing was determined to be 10.8 nm by 
taking the position of the q* peak identified on the plot and using Equation 5.  The 
structure was determined to be lamellar due to the higher order peaks indicated on the 
plot at integer multiples of the q* peak.   

 

 

Figure 4.  Azimuthally averaged SAXS pattern of PS-PTMC diblock copolymer.  Copolymer is 50% 
mol PS.  Position of q* peak indicates a domain size of 10.8 nm.  Spacing of higher order peaks (at 
integer multiples of q* peak) indicates a lamellar structure.  Data taken at room temperature. 

  

2.2 Grazing Incident Small Angle X-ray Scattering.   
Grazing incident small angle X-ray scattering (GISAXS) is a technique used to 
determine thin film block copolymer morphology.  This technique can also determine the 
orientation of the block copolymer microstructure at the interface with respect to the 

q* 

2q* 

3q* 
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underlying substrate or the surface.  The experimental setup for this technique is seen 
in Figure 5.   

 

Figure 5.  Experimental setup for grazing incident small angle X-ray scattering experiment.  
Because the incident beam is below the critical angle of the substrate, it reflects off the substrate 
before reaching the detector.  A thin film of the sample is placed on top of the substrate and 
scatters the beam.   

The incident X-ray beam is transmitted through the polymer sample and reflected off of 
the substrate.  An important parameter to consider is the critical angle of the different 
materials.  The critical angle is defined as the angle that an incident beam will transmit 
through or reflect off of the material.  For GISAXS, the critical angles of the two 
materials (i.e., block copolymer film and substrate) must be sufficiently different and the 
substrate must have the larger critical angle.  To accomplish this requirement for the 
substrate, a silicon wafer is the standard substrate used in these experiments.  The 
critical angle difference for a polymer film and silicon for an incident X-ray beam at 10 
keV is ~0.15 °.   

The microstructure of the block copolymer scatters the X-ray beam as described 
previously in Section 2.1.  The positions of the Bragg peaks are indicative of the 
microphase morphology (see Table 1) and the orientation of that morphology with 
respect to the substrate.  An example from the literature is shown in Figure 6 [36].   
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Figure 6.  2D GISAXS profile of a block copolymer thin film on a silicon substrate from ref [36].  
The spacing of the peaks indicates a hexagonally packed cylindrical morphology.  The presence 
of peaks along qll and the absence of peaks along qz indicate a morphology oriented 
perpendicular to the silicon substrate. 

The peak positions and relative spacings indicate a hexagonally packed cylindrical 
structure oriented perpendicular to the silicon substrate. 

 
2.3 Rheology 
 
Polymers typically have a viscoelastic response to a shear deformation, meaning that 
the material has both a viscous (or liquid-like) response and an elastic (or solid-like) 
response to that shear.  Oscillatory shear rheology was used to determine the storage 
(G’) and loss (G’’) components of the moduli of different polymers.  By inducing a 
sinusoidal shear deformation in the material being probed, the in-phase (G’) and out-of-
phase (G’’) responses to that shear are measured as a function of frequency (ω).  
Figure 7 shows an example of a liquid-like polymer sample (left) and a solid-like 
polymer sample (right) 
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Figure 7.  Shear rheology data for symmetric polystyrene-block-poly(ethylene oxide) (SEO) block 
copolymers at 90 °C as a function of frequency (ω).  Data include loss (G’’) component of modulus 
(O) and storage (G’) component of modulus ().  Liquid-like sample (left) is characterized by the 
G’’ >> G’ and a strong frequency dependence of G’ and G’’.  Solid-like sample (right) is 
characterized by the G’ >> G’’ and a weak frequency dependence for both G’ and G’’.     

 
The image on the left is considered a liquid-like sample because the magnitude of G’’ 
(o) is significantly larger than G’’ () at all frequencies tested.  Both G’ and G’’ are also 
strong functions of frequency.  The image on the right corresponds to a solid-like 
material due to the magnitude of G’ being significantly larger than G’’.  Both components 
of the modulus are extremely weak functions of frequency within the frequency range 
probed. 
 
 

2.4 Chronopotentiometry 
Typical simulated cycling protocols involve the application of a constant current density 
while measuring the voltage response with time.  This technique is commonly referred 
to as chronopotentiometry.  Conversely, the technique of measuring current under a 
constant applied voltage is chronoamperometry.  These techniques can provide 
information about a battery’s capacity, capacity fade, lifetime, open circuit potential, 
overpotentials, etc.  All of these are vitally important to the overall performance of 
battery.  Examples of the data obtained from chronopotentiometry are shown in Figure 8 
and Figure 9.      

 

 



12 
 

 

2.4.1 Overpotentials  

The measured overpotential in a cell under an applied current is comprised of three 
different components.  Overpotential is simply the difference between the measured 
potential and the theoretical open circuit potential.  Ohmic resistances account for 
resistances associated with the motion of ions through the electrolyte. Surface 
overpotentials occur due to resistances that arise at the interface between the electrode 
and electrolyte.  This overpotential is most closely tied to the charge-transfer reaction, 
and thus sluggish kinetics for that reaction would lead to larger surface overpotentials.  
The final component of the total overpotential is concentration overpotential.  This 
relates to mass-transfer limitations in the cell and develops due to a salt concentration 
gradient that develops in the cell [37, 38].   

 

2.4.2 Experimental Considerations  

To simplify data analysis, symmetric cells with lithium metal as both electrodes were 
used for all studies presented herein.  This eliminates any effect that a composite 
cathode could have (higher potentials, limited capacity, etc.).  Chronopotentiometry with 
symmetric cells is the conventional means for studying dendrite formation in lithium 
metal battery systems [12, 14, 15, 17, 39].  It should be noted that dendrite growth in 
symmetric cells with two lithium metal electrodes is more rapid than that in a battery 
with a conventional, intercalation cathode.  This can be attributed to the fact that 
symmetric cells can support a more nonuniform current density distribution due to lower 
charge and mass transport limitations in lithium metal electrodes.  These limitations in 
porous intercalation electrodes tend to homogenize the current density over the surface 
area of the electrode.  

 

2.4.3 Short-circuit  

A short-circuit is observed in the voltage versus time plots as the point where the 
voltage has a sudden and substantial drop toward 0 V and persists for multiple cycles 
past the initial drop (see Figure 8).   
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Figure 8.  Voltage versus charge passed curve showing a short-circuit due to dendrite formation.  
Charge passed (product of current density and time) is used as a measure of time.  The sharp 
drop in voltage seen around 170 C/cm2 is indicative of dendritic short-circuit.   

 

There are times when dendrites form into the electrolyte and break off, leaving “dead 
lithium” or lithium metal that is electrically isolated from either electrode [40].  This 
shows itself as a spike in the voltage versus time plots, where the voltage drops 
suddenly, but quickly recovers, usually within a few seconds (see Figure 9). 

   

 

Figure 9.  Voltage versus charge passed curve showing spikes in voltage response around 148 
C/cm2.  These spikes are indicative of transient dendrites that form and lose contact with the 
electrode.  This leaves "dead lithium" floating in the electrolyte that does not have electrical 
contact with either electrode. 
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This breaking off can occur due to the initial formation of a very thin dendrite that is 
more easily severed from the electrode or excessive heating of the dendrite during 
uncontrolled growth causing the dendrite to weaken and break off [40].   

 

2.5 Impedance Spectroscopy 
The principle behind electrochemical impedance spectroscopy (EIS) is very similar to 
that of rheology mentioned in Section 2.3.  In EIS, a sinusoidal voltage is applied to the 
sample at varying frequencies, and the impedance is measured.  The measured 
impedance is comprised of an in-phase (or real) component and an out-of-phase (or 
imaginary) component.  In the study presented here, this response is plotted on a 
Nyquist plot (see Figure 10) as imaginary impedance (-Zimg) versus real impedance 
(Zreal).   

 

 

Figure 10.  Example Nyquist plot showing the typical plotting of AC impedance data.  The example 
is for a circuit with a resistor in parallel with a capacitor.  The circuit has a resistance of 106 ohm-
cm2. 

 

From these curves, the resistances in the cell can be extracted by fitting equivalent 
circuit models.  For example, the curve in Figure 10 can be fit with a circuit comprised of 
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a resistor in parallel with a capacitor.  For the data presented in this study, the 
electrolyte resistance and the interfacial resistance are determined by fitting an 
equivalent circuit presented with the data. 
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Chapter 3 

Dendrite Formation in Block Copolymer Electrolytes 
 

Abstract  
This chapter studies the growth of lithium metal dendrites 
into polymer electrolytes.  Both homogenous homopolymer 
poly(ethylene oxide) (PEO) and polystyrene-block-
poly(ethylene oxide) (SEO) block copolymer electrolytes 
were studied.  The SEO electrolytes microphase separated 
into a lamellar microstructure.  The microstructure of the 
SEO electrolytes increase that amount of charge that can be 
passed before short-circuit by a factor of 11-48 over PEO 
electrolytes.  A disordered SEO electrolyte (no 
microstructure) showed no improvement over PEO 
electrolytes.  The applied current density and charging time 
were also varied to determine the effect these experimental 
conditions have on short-circuit due to dendrite formation in 
SEO electrolytes.      

 

3.1 Introduction  

One of the main hurdles limiting the large-scale adoption of lithium metal rechargeable 
batteries is dendrite formation during recharge causing a short-circuit.  A large amount 
of theoretical [13, 15, 18, 20, 21, 29] and experimental [12, 14-16, 22, 23, 39, 41, 42] 
work has gone into understanding the electrochemical formation of lithium metal 
dendrites.  The theoretical work from Monroe and Newman studied the effect of polymer 
electrolyte modulus on the formation of lithium metal dendrites [13, 20, 21].  This work 
found that for polymers with a modulus above a critical value, lithium metal dendrites 
would not form under any circumstances.  This critical modulus was found to be ca. 6 
GPa [13], and this work was the impetus for the study herein.      

 

3.2 Electrolyte System 
The electrolyte system used in this study was a block copolymer electrolyte.  The first 
block chosen was poly(ethylene oxide) (PEO) as it is the conventional polymer 
electrolyte in the literature [2, 4, 6, 7, 43-45].  The second block chosen was a 
polystyrene (PS) block to increase the mechanical strength of the polymer.  This block 
copolymer can microphase separate into various morphologies as seen in Section 
1.2.2.  For this study on dendrite formation, the block copolymers were limited to 
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lamellar morphologies with roughly symmetric volume fractions of each of the two 
blocks.  

 

3.3 Experimental Procedure 

 

3.3.1 Electrolyte Preparation   

Unless noted, all sample preparation and experiments were performed in an argon filled 
glovebox with less than 1 ppm water content and less than 3 ppm oxygen content.  
Polystyrene-block-polyethylene oxide (SEO) block copolymer electrolytes and PEO 
homopolymer electrolytes were used in this study.  The copolymers are referred to as 
SEO(x-y) where x is the molecular weight of the PS block in kg/mol and y is the 
molecular weight of the PEO block in kg/mol.  The homopolymers are referred to as 
PEO(y) where y is the molecular weight in kg/mol.  A list of the polymers used for this 
study is shown in Table 2.  Electrolytes were prepared by dissolving the polymer (either 
SEO or PEO) in benzene at 10% vol.  To that was added a 10% vol salt solution of 
lithium bis(trifluorosulfonimide) (LiTFSI) salt in tetrahydrofuran.  This mixture was stirred 
for no less than three hours and subsequently freeze-dried without exposure to air.  Salt 
concentration, r0, is defined as the ratio of lithium ions to ethylene oxide moieties.  Salt 
concentrations were limited to r0 = 0.085 for this study presented here.   
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3.3.2 List of Polymers  

Table 2.  Full list of polymer used during this study with relevant parameters included. 

Polymer PS MW 
(kg/mol) 

PEO MW 
(kg/mol) 

Volume 
Fraction EO Morphology Domain 

Spacing (nm) 
Modulus 

(Pa)† 

PEO(20) 0 20 1.00 N/A N/A 0.61 

PEO(50) 0 50 1.00 N/A N/A 143 

PEO(360) 0 360 1.00 N/A N/A 3.73x105 

SEO(1.7-1.4) 1.7 1.4 0.43 Disordered 7.8 ‡ 

SEO(5-5) 5 5 0.51 Lamellar 13.3 3.48 

SEO(16-16) 16 16 0.48 Lamellar 30.4 1.73x106 

SEO(40-54) 40 54 0.55 Lamellar 66.4 3.35x107 

SEO(74-98) 74 98 0.55 Lamellar 98.9 5.21x107 

SEO(240-269) 240 269 0.50 Lamellar 240 5.16x107 

† - Modulus data taken at 90 °C and 10 Hz. 

‡ - Unable to determine modulus due to instrument noise for the sample at operating 
temperature and frequency. 

 
3.3.3 Rheology 
 
Shear storage and loss components of the polymer modulus were obtained using an 
ARES rheometer from Rheometric Scientific Inc. with parallel plate geometry. Samples 
were approximately 1 mm thick with plate diameters ranging from 8 mm for high 
molecular weight SEO samples to 50 mm for low molecular weight SEO and PEO 
samples.  Annealing of the samples was performed at 120 °C in an argon atmosphere 
glovebox on the bottom plate to ensure good contact.  After cooling, the samples were 
removed from the glovebox and quickly transferred to the rheometer where the 
atmosphere was controlled with N2.  Samples were first heated to 120 °C between the 
parallel plates to obtain good contact with both plates.  This was followed by dropping 
the temperature to 90 °C and running a frequency sweep from 100 to 1 Hz with a fixed 
strain rate.   
Figure 11 shows the frequency (ω) dependence of storage modulus (G') (left figure) and 
loss modulus (G'') (right figure) of the polymers used in this study.  The high molecular 
weight block copolymers exhibit solid-like properties with G' >> G'' and both moduli are 
frequency independent.  The PEO(20) and PEO(50) homopolymers and SEO(5-5) block 
copolymer exhibit liquid-like properties with G'' >> G' and G'' ~ ω1.  The expected G' ~ 
ω2 is not observed in these liquid-like systems.  Likely explanations for this in the case 
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of the PEO samples are finite polydispersity, interchain association due to trace ion 
impurities, and chain end aggregation.  While these explanations also apply to SEO(5-
5), additional effects due to the presence of concentration fluctuations are expected 
[46].   
 

 

Figure 11.  Shear rheology data for polymers listed in Table 2.  a) G’ (storage modulus).  b) G” 
(loss modulus).  Plots includes PEO(20) (), PEO(50) (), PEO(360) (), SEO(5-5.5) (▼), SEO(16-
16) (▲), SEO(40-54) (◄), SEO(74-98) (), SEO(240-269) (+).  Measurements taken for polymers 
without salt at 90 °C.  Data for SEO(40-54), SEO(74-98), and SEO(240-269) are very similar in value 
and thus hard to distinguish on the plot. 

 
For simplicity, G' is used at a fixed frequency of 10 Hz as the characteristic modulus of 
the materials.  The operating temperature of 90 °C was chosen to match the cycling 
experiments presented in Section 3.3.5.  Because the current densities used in these 
cycling experiments were close to, but not above, the estimated limiting current [47], the 
salt is essentially depleted near one of the electrodes.  As the plating of lithium ions 
onto lithium metal occurs near this depletion zone, the modulus of the salt-depleted 
electrolyte is of primary interest [47]. 
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Figure 12.  Storage Modulus (G') versus PEO molecular weight for SEO () and PEO () polymers.  
Modulus is recorded at 90 °C and 10 Hz.  SEO copolymers have higher modulus at similar PEO 
molecular weight.  Highest modulus SEO copolymer is still two orders of magnitude below the 
theoretical criterion of Monroe and Newman [13].  Error bars are included and smaller than the 
symbols on higher molecular weight samples.  

Figure 12 summarizes the G’ data from Figure 11 at a fixed frequency of 10 Hz.  The 
SEO copolymers have significantly higher modulus than a corresponding PEO 
homopolymers.  The highest modulus SEO copolymer is still two orders of magnitude 
lower than the criterion of 6 GPa set forth by Monroe and Newman [13]. 

 

3.3.4 Symmetric Cell Assembly.   

Electrolyte films were prepared within an insulating spacer with an inner diameter of 
3.86 mm.  The SEO and PEO(360) electrolytes were pressed at 100 °C and about 200 
bar for thirty minutes.  The PEO(20) and PEO(50) electrolytes were prepared by melting 
the electrolytes on a hot plate and adding to a spacer with a lithium foil backing.  The 
electrolyte thickness was measured after electrochemical testing and for all cases was 
between 150 and 300 µm.  Lithium foil disks were placed on both sides of the 
electrolyte, and a nickel foil current collector was added outside of each piece of lithium 
foil.  Extreme care was taken to ensure the lithium metal surface contacting the polymer 
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electrolyte remained in the same condition as from the manufacturer.  Any lithium foil 
disks that were bent, scratched, touched on the electrolyte side, or otherwise 
compromised were discarded, and fresh disks were used.  The entire electrochemical 
cell was inserted into a spring-loaded Swagelok® cell holder (about 0.5 bar pressure 
from spring), and cycled in a heated oven in a glovebox using a galvanostat at 90 oC.  
All measurements were performed at 90 oC to melt PEO crystals that would limit ionic 
conductivity while staying below the glass transition temperature of polystyrene (100 
oC).  This temperature is commensurate with other studies of solid polymer electrolytes.          

 
3.3.5 Galvanostatic Cycling 

Cycling experiments were performed on both a Solartron 1470E and a Biologic VMP3.  
The cycling was run under galvanostatic conditions ranging from current densities of 
0.04 to 0.256 mA/cm2.  These current densities were chosen to remain below limiting 
current during cycling.  Cells were cycled until a sudden and substantial drop in voltage 
(in all cases greater than 50%) was seen and persisted for multiple cycles past the initial 
drop.  Following the literature, this drop is attributed to the formation of a dendritic short-
circuit [14, 17, 29, 48].  The charge that had passed through the cell up to that point, 
Lifetime, was recorded and averaged over different cells.  If after 3 months no short-
circuit had occurred, the cell was stopped and the final charge passed was recorded. 

 

3.3.6 Impedance Spectroscopy 

AC impedance spectroscopy measurements were taken at various points during cycling 
to track the electrolyte and interfacial resistances with respect to charge passed.  
Measurements were taken initially after assembly, after 1 cycle, 4 cycles, 20 cycles, 40 
cycles, and 60 cycles.  Measurements were stopped if the sample short-circuited.  Due 
to the limited cycle life of PEO electrolytes, impedance measurements were taken after 
each cycle to track resistance.  AC Impedance measurements were taken with a 
Biologic VMP3 operating between 200 kHz and 1 Hz. 

 

3.4 Results 
 

3.4.1 Effect of Block Copolymer Microstructure on Lifetime 

Figure 13 shows typical results obtained during cycling the symmetric lithium-lithium 
cells at a constant current density of 0.17 mA/cm2 with each half cycle lasting for 180 
min.   About 2.5 µm of the lithium foil is transported from one electrode to the other in 
each half cycle. 
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Figure 13.  Typical voltage versus charge passed curve showing the last cycles for a SEO(40-54) r 
= 0.1 electrolyte.  Cell cycled at 0.17 mA/cm2.  Short-circuit for this cell due to dendrite formation 
recorded at 186.7 C/cm2. 

 

The data obtained during the early cycles (charge passed < 180 C/cm2) are 
unremarkable with the measured voltage oscillating between -0.15 and +0.15 V.  When 
the charge passed exceeded 185 C/cm2, the cell short-circuited as observed by the 
sharp drop in the magnitude of the oscillating voltage.  The total charge passed before 
short-circuit was observed, or “Lifetime”, was measured for SEO and PEO polymers of 
various molecular weights.  The time required for measuring Lifetime varied from a few 
days (PEO) to a few months (high molecular weight SEO).  Figure 14 plots Lifetime 
versus the molecular weight of PEO for all of the polymers listed in Table 2.   
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Figure 14.  Lifetime versus molecular weight of PEO block for microphase ordered SEO (), 
disordered SEO (), and PEO () electrolytes cycling at 0.17 mA/cm2.  Lifetime of disordered SEO 
electrolyte is more closely related to Lifetime of PEO electrolytes. 

 

A minimum of four independent samples was tested to obtain each data point shown in 
Figure 14.  It is clear that Lifetime of the higher molecular weight block copolymer 
electrolytes is significantly larger than that of the hompolymer electrolytes.  Of note is 
the Lifetime of the SEO(1.4-1.2) block copolymer electrolyte which is similar to, if not 
less than the homopolymer PEO electrolytes.  This electrolyte, at this salt concentration 
and operating temperature, is a disordered or homogenous block copolymer electrolyte.  
This electrolyte does not have a lamellar microstructure.  This suggests that the 
presence of the polystyrene block by itself does not have an impact on the electrolyte 
Lifetime.  The electrolyte needs to have a microphase structure to see the Lifetime of 
the cell increase.      

 

3.4.2 Effect of Modulus on Lifetime 

Figure 15 plots Lifetime versus G' of the pure polymers.  Contrary to my initial 
hypothesis based on current theory [13],  the data in Figure 15 show that Lifetime does 
not depend on modulus alone. 
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Figure 15.  Lifetime versus storage modulus for SEO () and PEO () electrolytes cycling at 0.17 
mA/cm2.  Each data point is an average of at least four independent cells cycled under identical 
conditions.  For polymers of similar modulus, the SEO electrolytes have a Lifetime roughly one 
order of magnitude larger than the corresponding homopolymer electrolyte. 

 

At fixed modulus, the Lifetime of SEO copolymers is at least an order of magnitude 
higher than that of PEO.  In the case of the PEO homopolymers, the Lifetime is about 
5.4 C/cm2, independent of modulus.  In contrast, Lifetime increases from 57 to 258 
C/cm2 as the modulus of the SEO copolymers is increased. It is evident that the 
microstructure of the electrolyte improves the stability of the lithium-electrolyte interface 
beyond expectations based on the increase of modulus alone.  

 

3.4.3 Effect of Current Density on Lifetime  

The increased resistance to dendrites seen for block copolymer electrolytes in Figure 14 
and Figure 15 holds at both lower and higher current densities. Figure 16 shows 
Lifetime versus the applied current density during cycling.   
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Figure 16.  Lifetime versus applied current density for various electrolytes cycled at 90 °C.  Plot 
includes data for PEO(20) (), SEO(40-54) (), and SEO(74-98) ().  Block copolymer samples are 
labeled with red.  Homopolymer samples are labeled with blue.  Open symbols indicate individual 
cells that did not short during 3 months of cycling. 

 

The plot compares the Lifetime of PEO(20) homopolymer electrolytes with that of 
SEO(40-54) and SEO(74-98) block copolymer electrolytes.  Regardless of the current 
density, Lifetime of the block copolymer electrolytes is significantly larger than that of the 
homopolymer electrolyte.  All experiments on PEO homopolymers led to failure within 
the experimental window, even when current densities as low as 0.04 mA/cm2 were 
used.  In contrast, failure was not observed in some of the block copolymer electrolyte 
samples at current densities below 0.17mA/cm2 on the experimental time scale (3 
months).  The current densities reported in Figure 16 do not take into account the 
fraction of the block copolymer that is insulating PS.  This would nearly double the 
effective current density within the conductive PEO channels for the block copolymer 
electrolytes shown.    
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3.4.4 Relationship between Lifetime and Diffusion Coefficient 

Chazalviel and coworkers proposed a model to determine time to short-circuit, tsc, for 
PEO electrolytes with lithium metal electrodes [15, 18, 29].  A linear relationship was 
proposed between tsc and the diffusion coefficient of the lithium salt in the polymer 
electrolyte, D (see Equation 6). 

 

          

2
0~ 








i
eCDtsc π

                             (6) 

 

Equation 6 can be modified to more closely match the analysis presented herein giving 
Equation 7. 
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                                    (7) 

 

Converting tsc to Lifetime maintains the linear relationship with diffusion coefficient.  To 
explore this relationship, Lifetime was plotted as a function of diffusion coefficient in 
Figure 17. 
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Figure 17.  Lifetime as a function of block copolymer diffusion coefficient.  Diffusion coefficient 
data obtained from [49].  Solid line is a linear fit of the data as predicted by Equation 7. 

 

Diffusion coefficient data was obtained from ref [49].  Although large error bars were 
present for both Lifetime and diffusion coefficient data, the relationship was found to be 
nearly linear as predicted by Equation 7.       

 

3.4.5 Varying Charge Passed per Half Cycle 

A study on the effect of charging time on Lifetime has been begun.  Figure 18 shows the 
cycling results for SEO(240-269) where the half cycle has been shortened from three 
hours to one minute (0.14 µm lithium deposited per half cycle).  All other variables were 
kept identical to the data seen in Figure 13.  The sample shown in Figure 18 and two 
other identical samples did not short-circuit despite the high cycle number and charge 
passed (Lifetime > 500 C/cm2).   
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Figure 18.  Voltage versus charge passed plot for SEO(240-269) r0 = 0.085 electrolyte at 0.17 
mA/cm2.  Charging time reduced from 3 hours in Figure 13 to 1 min.  Total charge passed before 
short-circuit has been dramatically increased, with no cells short-circuiting. 

 

Lifetime under these conditions is at least a factor of two larger than the mean value of 
Lifetime for the same block copolymer electrolyte cycled for three hours per half cycle.  
This difference in lifetime can be attributed to the difference in the development of the 
salt concentration gradient under applied current (see section 6.2.3).  The development 
of the salt concentration gradient leads to an increase in overpotential (in the form of 
concentration overpotential) and further depletion of salt at the electrode where lithium 
ions are plating [37].  The salt concentration in the electrochemical cell shown in Figure 
12 can be estimated to be 0 near one electrode and 2r0 at the opposing electrode.  In 
contrast, the salt concentration gradient in the cell in Figure 18 can be estimated to be 
flat.    

3.4.6 Comparison with Previous Literature Attempts to Resist Dendrites 

Table 3 compares the results presented here with previous studies on the improvement 
of the dendrite resistance of polymer electrolytes due to the presence of additives.   
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Table 3.  Dendrite resistance for various PEO-based electrolytes.  Lifetimeelectrolyte,, the amount of 
charge passed to obtain a dendrite short in the electrolyte of interest is normalized by that of pure 
PEO homopolymer (LifetimePEO) from the same study. 

Reference Electrolyte Current Density 
(mA/cm2) 

Temperature 
(°C) 

Lifetimeelectrolyte / 
LifetimePEO 

X. W. Zhang et 
al.[16] PEO with Silica 0.2 and 1.0 25 1.8 – 5.1 

S. Liu et al.[39] PEO with Silica 0.1 – 1.0 60 1.0 – 2.1 

S. Liu et al.[12] PEO with Ionic 
Liquids 0.1 – 1.0 60 1.8 – 3.8 

This Work [50] Block Copolymer 
containing PEO 0.12 – 0.26 90 11 – 48 

 

In refs [12, 16, 39]  silica particles and ionic liquids were added to polymer electrolytes, 
and current was passed in 1 direction until a short circuit was obtained.  The addition of 
silica particles was intended to increase dendrite resistance due to increasing the 
modulus of the PEO electrolyte [16, 22, 23, 39].  One interesting result from ref [16] 
found that hydrophilic particles resisted dendrites better than hydrophobic particles.  
The hydrophilic particles were thought to scavenge trace water and other impurities in 
the electrolyte that could lead to inhomogeneities on the electrode.  These 
inhomogeneitites could lead to points where current density is focused, and 
consequently increase the likelihood of dendrite formation.  Ionic liquids were added to 
PEO electrolytes to improve the conductivity of the electrolyte and improve the 
passivation film that forms on the lithium electrode during the initial stages of cycling.  
Table 3 reports the value of Lifetime for the electrolytes obtained in refs. [12, 16, 39] 
normalized by that of pure PEO to account for the differences in experimental protocol 
(i.e., cell design, stack pressure, impurities, operating procedure, etc.).  The 
improvement in dendrite resistance seen in this study is significantly larger than that of 
previous studies.  Experiments operated well above limiting current were excluded from 
this study as that condition is not translatable for practical battery operation.  

 

3.4.7 Comparison with Monroe and Newman Theory  

Figure 19 plots the reciprocal of the charge density passed at the point of dendrite 
failure, 1/Lifetime, versus modulus for the SEO copolymers at a constant current density 
of 0.17 mA/cm2 wherein dendrite failure was observed in all of the systems examined.   
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Figure 19.  Reciprocal of charge passed to short-circuit (1/Lifetime) versus storage modulus 
showing the empirical determination of critical modulus needed to eliminate dendrite growth at 
current density = 0.17 mA/cm2 in ordered block copolymer electrolytes with r = 0.085 at 90 °C.  
Critical modulus required to eliminate dendrite growth under the specified conditions is 
calculated from x-intercept of fit included on plot. 

 

Extrapolation of the data, making the assumption that a linear correlation between 
1/Lifetime and log[G'(Ps)] can be assumed, indicates that 1/Lifetime = 0 when log[G' 
(Pa)] = 9.2±1.2.  The large uncertainty, which only accounts for the uncertainly in the 
regression analysis, is typical of early experiments that attempt to quantify material and 
device failure.   Additional uncertainties arise because of the lack of an explicit 
theoretical prediction for the dependence of Lifetime on G'. The theoretical prediction of 
6 GPa [13] is within experimental error of this empirical measurement.  At this juncture, 
the proposed linear dependence of 1/Lifetime on log[G' (Pa)] is an empirical observation 
with no theoretical justification.  As the Lifetime of PEO electrolytes is roughly invariant 
with increasing modulus, the corresponding empirical curve for PEO electrolytes is not 
applicable.      

  

3.4.8 Impedance Measurements 

To determine whether there might be some indication of an upcoming short-circuit, AC 
impedance measurements were taken at various points during cycling.  Figure 20 
shows the Nyquist plots for a representative block copolymer electrolyte cell during 
cycling.  Data were fit to the equivalent circuit shown in the inset of Figure 20 to 
determine electrolyte and interfacial resistances.   
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Figure 20.  Nyquist plot for SEO (240-269) r = 0.085 electrolyte at various points during cycling.  
Solid lines indicate fits to the data using the equivalent circuit shown in the inset.  The shape of 
the curves change very little during cycling.  Equivalent circuit is comprised of a constant phase 
element, Q1, in parallel with a resistor, R1.  That circuit is in series with another circuit comprised 
of a capacitor, C2, in parallel with another resistor, R2.  R1 corresponds to the electrolyte 
resistance and is approximately 70 ohm-cm2 throughout the experiment.  R2 corresponds to the 
interfacial resistance and is approximately 20 ohm-cm2 throughout the experiment. 

 

The equivalent circuit chosen matches previous literature reports for PEO electrolytes 
against lithium metal electrodes [4].  Figure 21 tracks the electrolyte and interfacial 
resistances as a function of charge passed and cycle number for the SEO cell in Figure 
20 and a representative PEO cell.   
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Figure 21.  Electrolyte () and interfacial (O) resistance in a representative SEO electrolyte cell 
(top) and a representative PEO electrolyte cell (bottom) as a function of charge passed.  Dashed 
line indicates the Lifetime of the particular cell.  Resistances in SEO electrolyte cell stabilize after 
the first few cycles until the cell short-circuited.   
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Conditions and analysis for the homopolymer electrolyte cell are identical to the data in 
Figure 20.  For the SEO electrolyte, both the electrolyte and interfacial resistance 
stabilize after the first few cycles for the duration of the experiment until short-circuit.  
There is no indication in the impedance curves that a short-circuit in the SEO cells is 
imminent, however the temporal resolution in these measurements for SEO electrolytes 
might be insufficient to capture a potential indication of a short-circuit.   

 

3.5 Conclusions 
By replacing a homopolymer electrolyte with a nanostructure block copolymer 
electrolyte, the amount of charge passed before dendrite formation is observed is 
increased by a factor ranging from 11 to 48.  This increase can be at least partially 
attributed to the microphase structure of the block copolymer because a disordered 
block copolymer electrolyte does not see this increase.  This increased resistance to 
dendritic short-circuit also does not account for the increased localized current density 
within the block copolymer electrolyte due to half of the block copolymer being an 
insulator (polystyrene).  In addition to the parameters that have been studied here, cell 
failure will depend on a number of additional parameters such as the concentration of 
trace impurities in the electrolyte, initial smoothness of the lithium foil, chemical 
structure and purity of the cathode, the pressure applied on the cell, etc.   
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Chapter 4 

Surface Characterization of Lithium Metal Electrodes 
 

Abstract 
 

This chapter reports on the electrochemical growth of lithium 
metal dendrites into a microstructured block copolymer 
electrolyte and a homogenous homopolymer electrolyte.  
The coverage and size of nonuniform, dendritic structures is 
studied using scanning electron microscopy (SEM).  For the 
homopolymer electrolyte after short-circuit, the fractional 
surface coverage of these nonuniform structures on the 
lithium metal electrode is low (0.11 ± 0.04).  For the 
microstructured block copolymer electrolyte, the fractional 
surface coverage of dendritic structures remains low (ca. 
0.07) even after a significant amount of cycling.  After short-
circuit in the microstructured block copolymer electrolyte 
cells, the fractional surface coverage dramatically increases 
to nearly full coverage (0.88 ± 0.05).    The size of the 
smallest nonuniform growths on the surface is found to be 
ca. 500 nm in diameter and independent of electrolyte.  This 
is significantly larger than the domain size of the block 
copolymer (30.4 nm).  This indicates that the microstructure 
of the block copolymer does not limit the overall size of 
growing lithium metal dendrites. 

 

4.1. Introduction 
Microscopy has been a powerful tool for studying the growth of lithium dendrites in 
battery systems.  Brissot et al. developed an electrochemical cell for in situ optical 
microscopy of lithium metal dendrites growing into a polymer electrolyte [17].  This cell 
enabled the determination of dendrite velocities through the electrolyte at various 
current densities [18].  Liu et al. used an optical cell to quantify the initiation and short-
circuit times for polymer electrolytes with various additives intended to resist dendrite 
growth [12, 24, 39].  Yoshimatsu and coworkers used scanning electron microscopy 
(SEM) to image the lithium metal surface from an electrochemical cell with a liquid 
electrolyte [40].  Orsini et al. outlined a setup for in situ SEM imaging to study the 
morphology and growth rates of lithium and copper dendrites in polymer electrolytes 
[42].  Dollé et al. used this same in situ SEM setup to determine a current-density-
induced transition from “mossy” lithium deposition to “needle-like” lithium deposition 
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[30].  “Mossy” lithium deposition is identified by a large increase in surface area of the 
electrode and derives its name from a similar appearance to moss.  “Needle-like” lithium 
deposition is identified by thin filaments growing from the lithium electrode toward the 
other electrode.  Dollé et al. also proposed a mechanism for the nonzero resistance in a 
cell that has short-circuited [30].   
 

The rationale and results of employing block copolymer electrolytes for the suppression 
of short-circuit due to dendrite formation can be found in Chapter 3.  The purpose of this 
chapter is to use SEM to understand the underpinnings of the observed dendrite 
suppression in block copolymer electrolytes.  While most previous literature studies 
have focused on the dendrite morphology and propagation rate, the focus of this 
chapter is on the quantification of lateral nonuniformity of the lithium electrode surface.     

 

4.2. Experimental Procedure 
SEO(16-16) block copolymer electrolyte and PEO(360) homopolymer electrolyte were 
used in this study.  Salt concentration for all electrolytes was fixed at r0 = 0.085.  The 
protocol for electrochemical cell assembly of these electrolytes can be found in section 
3.3.4.  The electrolyte thickness was measured after electrochemical testing and for all 
samples was between 150 and 250 µm. 

 

4.2.1 Galvanostatic Cycling  

Cycling experiments were performed on a Biologic VMP3.  The cycling was run under a 
constant current density of 0.17 mA/cm2 with a half-cycle consisting of a 180 minute 
charge followed by a 30 min rest.  This current density is the macroscopic current 
density and does not account for the block copolymer electrolytes being 52% vol 
insulating polystyrene.  This would effectively double the current density through the 
SEO electrolytes.  Cells were cycled for various prescribed times or until short-circuit 
where a sudden and substantial drop in voltage (in all cases greater than 50%) was 
seen and persisted for multiple cycles past the initial drop.  All cells were kept at 90 °C 
for the same duration to ensure there were no effects of elevated temperature on the 
lithium surface.  After cycling, cells were submerged in dry benzene overnight to 
dissolve the electrolyte.  This was followed by submersion in dry tetrahydrofuran (THF) 
to remove any residual salt left behind by the electrolyte.  When dry, these solvents 
showed no visible reactivity with lithium metal after submersion for one month. 

 

4.2.2 Scanning Electron Microscopy Imaging 

A JEOL JSM-7500F scanning electron microscope at Lawrence Berkeley National 
Laboratory (LBNL) was used for imaging of the lithium metal electrode surface.  The 
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cells were removed from the argon atmosphere seconds before loading into the vacuum 
chamber of the microscope.  Images were acquired with the electron beam at an 
accelerating voltage of 5 kV.  Image analysis of lithium dendrite surface coverage was 
done with Image J software available online from NIH.  Surface coverage was quantified 
as the fraction of the surface area covered by a dendritic growth.  Each sample was 
repeated three times (totaling 6 lithium metal electrodes) with the results averaged. 

4.3 Results  

Three electrochemical cells with the SEO electrolyte were cycled until dendrite failure 
was observed.  The average charge passed to failure, Lifetime, was 160 ± 14 C/cm2; all 
error bars reported here reflect the observed standard deviation of the measurements.  
In contrast, similar experiments on cells containing the PEO electrolyte revealed the 
Lifeitme = 7.4 ± 4.1 C/cm2.  The objective of this chapter is to use scanning electron 
microscopy (SEM) to study the morphology of the lithium electrode as a function of 
charge passed in the symmetric cells.  The fractional cell lifetime, f, is defined in 
Equation 8, where C is the charge passed prior to the SEM experiment.      
 

𝑓 = 𝐶
𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒

      (8) 

 

4.3.1 Block Copolymer Electrolyte 

Figure 22 shows an SEM image of the lithium surface as received from the 
manufacturer.  Figure 23 shows an SEM image of the lithium surface after the cell was 
assembled with the SEO electrolyte, annealing at 90 °C for 2 weeks and dismantled as 
described in section 4.2.1. 
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Figure 22.  SEM image of lithium metal surface directly from the manufacturer (FMC Lithium).  The 
striations seen running across the image (see arrow) are due to the machining process used to 
roll the lithium foil out. 
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Figure 23.  Lithium metal surface after annealing with block copolymer electrolyte and solvent 
removal.  The small and unidirectional features seen are consistent with the lithium metal surface 
directly from the manufacturer (see Figure 22). 

 
 

Figure 23 thus represents the electrode surface at f = 0.  Reactions between the 
electrolyte and the lithium foil result in the formation of a passivating layer, often 
referred to as the solid electrolyte interphase (SEI) [4, 9].  We are unable to determine if 
the SEI remains intact after dismantling the electrochemical cell with benzene and THF.  
The images in Figure 22 and 23 may be considered as the baseline for the results 
discussed below. 
 
Figure 24a shows the lithium metal surface obtained from an SEO cell at C = 82.0 
C/cm2 or f ≈ 0.5.  The bright features in Figure 24a, not seen in Figures 22 and 23, 
reflect the presence of nonuniform lithium deposits.  Several bright spots are seen all 
over the lithium surface.  The smallest diameter of the small spots in Figure 24a is 500 
nm which is over one order of magnitude larger than the size of the PEO microphase in 
the SEO copolymer.   
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Figure 24.  a) Lithium metal surface from a SEO electrolyte cell cycled to 82.0 C/cm2 (f ≈ 0.5).  Dark 
areas are indicative of smooth lithium metal deposits.  Bright areas are indicative of dendritic 
lithium metal deposits.  Dendritic deposits are isolated and spread out over the electrode surface.  
Surface is mostly devoid of dendritic deposits.  b) Cycling data for this sample showing the last 
few cycles. 
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A large deposit is seen in the left top quadrant of the Figure 24a, but such deposits were 
relatively few in number.  Figure 24b shows voltage versus charge passed data during 
last few cycles before the cell was dismantled.  These curves are very similar to voltage 
versus charge passed data obtained during the first few cycles (not shown for brevity).  
The voltage data are unremarkable and contain no signature of the increased surface 
roughness; compare Figures 22 and 23 with Figure 24a. 

 
 

Figure 25a shows a lithium metal surface obtained from an SEO cell obtained at C = 
122.5 C/cm2 or f ≈ 0.75.  The bright spots speckled throughout the images are similar to 
those seen in the f ≈ 0.5 sample (Figure 24a).  Figure 25b shows voltage versus charge 
passed data during last few cycles before the cell was dismantled.  The cycle in the 
vicinity of 95 C/cm2 shows significant noise.  This probably indicates the presence of a 
singular lithium dendrite (or a few dendrites) that spans the electrolyte, but the cell 
recovers upon further cycling.  The cycles obtained at 100 C/cm2 and greater are very 
similar to those obtained during the initial cycles.  Note that the features seen at 95 
C/cm2 do not indicate cell failure as defined in the Experimental section. 
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Figure 25. a) Lithium metal surface from a SEO electrolyte cell cycled to 122.5 C/cm2 (f ≈ 0.75).  
Dark areas are indicative of smooth lithium metal deposits.  Bright areas are indicative of dendritic 
lithium metal deposits.  Dendritic deposits are isolated and spread over the electrode surface.  
Surface is mostly devoid of dendritic deposits.  b) Cycling data for this sample showing the last 
few cycles.  Voltage spikes in data around 95 C/cm2 are indicative of dendrites that quickly grow 
across the cell, but break off and do not short-circuit the cell. 
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Figure 26a shows a lithium metal electrode from a block copolymer electrolyte cell after 
short-circuit at 154.6 C/cm2 (f ≈ 1).  This surface is vastly different from those in Figures 
24a and 25a where f ≈ 0.5 and f ≈ 0.75 data are shown.  The larger, lithium deposits are 
no longer isolated from each other; they cover a large fraction of the electrode surface.  
Figure 26b shows voltage versus charge passed data during last few cycles before the 
cell was dismantled.  The cycle in the vicinity of 150 C/cm2 in Figure 26b shows 
significant noise, similar to that seen at 95 C/cm2 in Figure 25b.  The main difference 
between the data sets at f ≈ 0.75 and f ≈ 1 is that in the latter case, the cell has short-
circuited and cycling data obtained after the noisy cycle is qualitatively different from 
that obtained during the early cycles.  Samples run until C = 100.2 C/cm2 (f ≈ 0.6) 
showed similar results to the samples at f ≈ 0.5 and f ≈ 0.75.  Samples run until C = 
141.1 C/cm2 (f ≈ 0.85) showed a wide variety of surface morphologies; some electrodes 
showed few surface features (similar to Figure 25a) and others showed surface features 
that covered a large fraction of the available surface (similar to Figure 26a). 
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Figure 26. a) Lithium metal surface from a SEO electrolyte cell cycled to short-circuit at 154.6 
C/cm2.  Dark areas are indicative of smooth lithium metal deposits.  Bright areas are indicative of 
dendritic lithium metal deposits.  Surface is nearly entirely covered by dendritic deposits.  b) 
Cycling data for this sample showing the last few cycles, including short-circuit. 
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Figure 27 shows a higher magnification of the lithium metal surface seen in Figure 26a.  
This figure more clearly shows the distinction between the “mossy” lithium growths 
appearing bright and the smooth surface appearing dark. 

 

Figure 27.  Lithium metal surface from a SEO electrolyte cell cycled to short-circuit at 154.6 C/cm2.  
Higher magnification image more clearly shows dark areas are smooth deposit and bright areas 
are “mossy” dendritic deposits.   

 

4.3.2 Homopolymer Electrolyte 

Electrochemical cells with PEO electrolyte were run at the same conditions 
(temperature, current density, cell configuration) until short-circuit and imaged.  The 
Lifetime for these cells was 7.4 ± 4.1 C/cm2.  Figure 28a shows a representative SEM 
micrograph of the lithium metal surface cycled with a PEO electrolyte and the 
corresponding cycling data for this sample.  Some lithium metal growths are present, 
but the surface features are isolated.  The overall surface coverage seen in PEO cells 
with f ≈ 1 is similar to that of SEO cells with f ≈ 0.5 and 0.75.  There are no discernible 
differences in the SEM images of lithium metal electrodes from PEO cells at f = 1 and 
from SEO cells at f ≤ 0.75.  Figure 28b shows voltage versus charge passed data 
before the cell was dismantled (full data set). 
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Figure 28. a) Lithium metal surface cycled against PEO electrolyte to short-circuit at 9.2 C/cm2.  
Most of the surface is smooth lithium metal deposits with scattered dendritic deposits.  b) Cycling 
data for this sample showing the last few cycles, including short-circuit. 
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4.3.3 Surface Coverage Analysis 

The fraction of the electrode surface covered by nonuniform growth, φ, was determined 
using the particle analysis protocols in Image J software (available online from NIH).  
Our results are summarized in Figure 29 where φ is plotted versus f.  The trend 
observed in Figure 29 suggests that dendrite failure in SEO electrolytes is a highly 
nonlinear process.  φ measured in SEO-based cells is nearly independent of f at about 
0.07 in the range 0 ≤ f ≤ 0.75.  Surface coverage then increases rapidly from 0.07 to 
0.88 in the range, 0.75 ≤ f ≤ 1.  The rapid rise in surface coverage as the cells with SEO 
electrolytes approach failure seen in Figure 29 is the main result of this chapter.  The 
large error bar at f ≈ 0.85 is mainly due to the uncertainty in Lifetime.  Individual cells 
have slightly different values of Lifetime, and the hypersensitive dependence of surface 
coverage on f makes quantification of φ in the vicinity of f = 1 difficult.   The value of φ at 
f = 1 in PEO-based cells is 0.11 ± 0.04 in contrast to 0.88 ± 0.05 in the SEO-based cells 
(Figure 29).   

 
Figure 29.  Surface coverage of lithium metal dendrites as a function of percentage of Lifetime.  
After relatively little initiation during an induction time, many dendrites are initiated, and the 
surface is nearly completely covered with dendritic growths at short-circuit for cycling with 
SEO(16-16) block copolymer electrolyte.  Surface coverage remains low for PEO(360) 
homopolymer electrolyte at short-circuit.  
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4.4 Conclusions 
Herein, the effect of charge passed on the surface coverage of mossy-type lithium metal 
dendrites for block copolymer and homopolymer electrolytes is shown.  The surface 
coverage of nonuniform growths increases with increasing charge passed is seen with 
the block copolymer electrolytes.  For homopolymer electrolytes, the surface coverage 
remains low at short-circuit.  This can be attributed to the homopolymer cells short-
circuiting before any significant growth can occur.  In both the block copolymer 
electrolyte and homopolymer electrolyte, the size of the smallest nonuniform deposits is 
500 nm.  The 30 nm domain size of the block copolymer electrolyte appears to not have 
an effect on the size of these growing deposits, but the Lifetime is still dramatically 
increased.       
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Chapter 5 

Delamination between Electrode and Electrolyte during 
Cycling 

 

Abstract 
This chapter reports on the adhesion of a block copolymer 
electrolyte to a lithium metal electrode surface during 
cycling.  Scanning electron microscopy imaging shows no 
evidence of delamination despite an increasingly rough 
lithium metal surface.  The images do show the presence of 
regions of block copolymer surrounded by lithium metal and 
regions of lithium metal surrounded by block copolymer.  
Grazing incident small angle scattering indicates the 
microstructure of the block copolymer has a perpendicular 
orientation within the first 100 nm of the electrolyte.  This 
orientation leads to a liquid-like behavior of the polymer at 
the interface due to the liquid crystalline symmetry of block 
copolymers.  

 

5.1 Introduction  

An essential difficulty in implementing the prediction of Monroe and Newman (see 
section 3.1) for a high modulus solid electrolyte is that in addition to preventing dendrite 
formation, the electrolyte must adhere to the electrode.  In the theoretical calculations 
[13, 20, 21, 29], adhesion was simply introduced as a boundary condition.  This is not a 
problem for cells containing liquid electrolytes, where the small molecule electrolytes 
can flow and fill any crevices that form from uneven or dendritic plating.  This is not as 
simple for a solid electrolyte that must adhere to the electrode as the lithium metal 
anode recedes by several microns as the battery discharges.  This adhesion is not 
possible if the electrolyte is a simple solid with a modulus of 6x109 Pa.  It is well known 
that the efficacy of adhesives is lost if the modulus exceeds 105 Pa, as first proposed by 
Dahlquist [51],  

 

5.1.1 Dahlquist Criterion 

A good adhesive is one that completely wets a surface during the bonding process and 
resists delamination.  The criterion set forth by Dahlquist relates the adhesion of a 
material to its shear storage modulus [51].  For the case of a polymer adhering to a 
metal surface, the criterion dictates that the polymer must have a shear storage 
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modulus of < 105 Pa at 1 Hz to adhere.  This is due to the balance between the Van der 
Waals forces promoting contact and the energetic penalties for deforming the polymer 
to the topology of the surface.  For polymers with a shear storage modulus higher than 
105 Pa, the energetic penalties tend to dominate and restrict adhesion.  While other 
material properties, of both the polymer and the surface, have been found to have an 
effect on adhesion, this criterion is still used in industrial design of adhesives [52, 53].  
The focus of this chapter is to investigate the adhesion of a high molecular weight block 
copolymer electrolyte with a shear storage modulus ca. 3x107 Pa with a lithium metal 
electrode.  The main point of interest regarding adhesion is after the cell short-circuits 
where a lithium metal dendrite quickly grows through the electrolyte from one electrode 
to the other.  While delamination in this case is not identical to the case of adhesives 
studied by Dahlquist and others, the phenomena should remain the same.  
Delamination of a polymer electrolyte from a lithium metal electrode during 
electrochemical cycling has previously been seen in the literature [30].      

 

5.2 Experimental Procedure 

 

5.2.1 SEM Experiments 

Cross-sectional SEM images were taken to determine if any delamination occurred in 
the cells.  Electrochemical cells were assembled identically to those assembled in 
Section 3.3.4.  Cycling experiments matched those is Section 3.3.5.  After cycling for 
different prescribed times at 0.17 mA/cm2, the samples were cross-sectioned with a 
razor blade before quickly loading into the microscope.  The microscope used was a 
FEI Strata 235 Dual Beam Focused Ion Beam (FIB) at the National Center for Electron 
Microscopy at Lawrence Berkeley National Laboratory (LBNL).  The ion beam mill in the 
FIB was used to obtain a smooth cross-section of the cell free of contamination.  
Images were taken with the electron beam at an accelerating voltage of 10 kV.   

 

5.2.2 Grazing Incident Small Angle X-ray Scattering Experiment 

Grazing incident small angle X-ray scattering (GISAXS) was performed at beamline 
7.3.3 at the Advanced Light Source at LBNL to determine the block copolymer structure 
and its orientation at the lithium metal interface.  A lithium film was created on a silicon 
substrate using an evacuated thermal deposition chamber in an argon glovebox.  To 
that substrate, a 50 to 100 nm thick SEO(16-16) electrolyte was spin coated onto the 
lithium film.  These samples were heated to 60°C under vacuum for five hours to 
remove residual solvent.  The inert argon atmosphere was maintained until immediately 
before the measurement was made, and the sample was exposed to air for less than 5 
minutes prior to data acquisition.  A relatively low molecular weight SEO was chosen to 
ensure that the Bragg peaks corresponding to the morphology would be well-removed 
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from the beam stop.  For image acquisition, the sample was rotated 0.13° relative to the 
incident X-ray beam.  2D profiles were recorded on an ADSC CCD camera.   

 

5.3 Results 

 

5.3.1 SEM of Electrode-Electrolyte Interface 

Figures 30 and 31 shows typical scanning electron micrographs of the lithium-
electrolyte interface during different stages of cycling for SEO(40-54) r = 0.1.  Figure 30 
shows the micrograph of an uncycled cell where interfacial roughness on the length 
scale of 100 nm is observed.  This roughness is due to the processes used to 
manufacture commercial lithium foils and is qualitatively similar to the surfaces seen in 
Figures 22 and 23 (Section 4.3.1.).  It is worth noting, however, that there is excellent 
adhesion between the block copolymer electrolyte and the lithium surface, regardless of 
the complexity of the local shape of the interface.   

 

 

Figure 30.  Cross-sectional SEM image of lithium-electrolyte interface for SEO(40-54) r = 0.1 
electrolyte.  Bright regions correspond to lithium metal.  Dark regions correspond to the polymer 
electrolyte.  Image corresponds to an uncycled cell (C = 0 C/cm2). 

 

Figure 31a shows the morphology of the lithium-electrolyte interface after the dendrite 
short was observed at a current density of 0.17 mA/cm2.  It is evident that the 
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morphology of the lithium-electrolyte interface is qualitatively different after the dendrite 
short.  The lithium electrode shown in Figure 31a contains a lithium particle (see arrow) 
that is entirely surrounded by the electrolyte as well as closed holes that are enveloped 
by lithium metal.  The most surprising aspect of this image is that in spite of the 
complexity of the lithium-electrolyte interface, there is no evidence for delamination 
between the electrode and the electrolyte.  It should be noted that the interface moves 
on average 2.5 µm each half cycle.  The dendrite short occurred during the 51st cycle 
meaning over 250 µm of lithium was moved in this electrochemical cell.  Figure 31b 
shows the corresponding cycling data for the sample shown in Figure 31a.  The 
qualitative change in the voltage profile at 186.7 C/cm2 and after indicates the 
electrochemical cell has short-circuited.   
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Figure 31.  a) Cross-sectional SEM images of lithium-electrolyte interface for SEO(40-54) r = 0.1 
electrolyte after short-circuit.  Bright regions correspond to lithium metal.  Dark regions 
correspond to the polymer electrolyte.  b) Cycling data for the sample in Figure 31a.  Cell short-
circuited at 186.7 C/cm2.   

b) 

a) 
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5.3.2 Block Copolymer Structure at Interface with Lithium Metal 

The GISAXS profiles shown in Figure 32a show peaks at qx = 0 nm-1 and qy = ± 0.18 
nm-1.  These peaks indicate a microstructure in the polymer with interfaces normal to 
the substrate.  Figure 32b compares the GISAXS data with SAXS data from a bulk 
SEO(16-16)/salt mixture.  The agreement of the peak locations in reciprocal space and 
the orientation of the GISAXS peaks (along qx = 0 nm-1) indicate the preference for 
obtaining vertically aligned SEO lamellae at the lithium surface as depicted 
schematically in the inset of Figure 32a. In contrast, the bulk SAXS profile of the 
SEO(16-16) shows an azimuthally continuous scattering ring indicating the presence of 
randomly oriented grains. 
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Figure 32.  a) 2D GISAXS profile of SEO(16-16) r = 0.085 thin film.  Substrate is lithium metal 
deposited onto silicon wafer.  The spots at qx = 0 nm-1 and qy = ±0.18 nm-1 indicate structures 
orthogonal to the interface. Inset:  Schematic of the block copolymer morphology relative to 
substrate.  (bottom), and the polymer film above the lithium.  Scale bar is 100 nm.  b)  1D small 
angle X-ray scattering profile of bulk SEO(16-16) r = 0.085 electrolyte and 1D profile of GISAXS 
scattering along qy at qx = 0 nm-1.  
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5.4 Discussion and Conclusions 
The preferential microstructure orientation at the surface seen in Figure 30 can explain 
the observation of a solid-like material adhering to an evolving lithium metal electrode 
during cycling.  The mechanical properties of lamellar block copolymers, which are a 
specific manifestation of smectic A liquid crystals, depend entirely of the orientation of 
the microphases [54].  The solid-like properties of samples composed of randomly 
oriented lamellar grains are due to the presence of defects.  In the absence of defects, 
solid behavior is obtained in the direction perpendicular to the lamellae, while viscous 
flow is obtained in the directions parallel to the lamellae [55-58].  While the bulk of the 
block copolymer electrolyte contains randomly oriented grains, the data in Figure 30 
suggest the lamellae are oriented perpendicular (or nearly so) to the lithium electrode 
interface.  This would induce a liquid-like response to a deformation from the lithium 
metal electrode roughening.  This liquid-like response is key for the block copolymer 
electrolyte to flow into new crevices that form during uneven electrodeposition as seen 
in Figure 29a.  For lamellae oriented parallel to the lithium metal electrode, a 
deformation from roughening would lead to a solid-like response from the polymer and 
delamination would hypothetically occur.      
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Chapter 6 

Evolution of Block Copolymer Structure during 
Electrochemical Cycling 

Abstract 
The structure of the block copolymer electrolyte in a 
symmetric electrochemical cell with two lithium metal 
electrodes is investigated in this chapter.  An initially 
disordered sample at elevated temperatures spontaneously 
orders with time.  This spontaneous ordering appears to be 
salt concentration dependent with lower salt concentrations 
electrolytes not ordering within the experimental time frame.  
With the application of a constant voltage, a sample that is 
unambiguously disordered initially can be reversibly ordered.  
The ordering is the equivalent of changing the ODT by 50 
°C.  With the application of a constant current density, a 
sample is shown to undergo an order-to-disorder transition 
followed by an order-to-order transition to an unexpected 
morphology.  The time to induce this morphological change 
is related to the applied current density with larger current 
densities leading to shorter induction times.     

 

6.1 Introduction 
Electric-fields have been extensively researched as a method of creating long-range 
order in block copolymers and causing structural transitions in the block copolymer 
morphology.  Electric field induced alignment and morphological transitions have been 
proposed to occur via the “dielectric mechanism”, by which differences in the dielectric 
constants between the constituent polymer blocks give rise to energetic penalties for 
certain microstructures and microstructure orientations of the polymer in the field.  For 
example, lamellar microstructures orient so that the lamellar surfaces orient orthogonal 
to the applied field [59], and spherical morphologies under an applied field will form a 
cylindrical morphology [60].  The free energy differences between initial and final states 
for these examples are very small, but scale with quadratically with the field strength 
such that large fields are required.  Field strengths in typical studies range from 1 to 40 
kV/mm [59-63]. 

Leibler and coworkers proposed that the presence of solvated ions would provide 
additional driving forces at smaller field strengths through the “free ion mechanism” [64].  
In the free ion mechanism, salts (either added intentionally or existing residually from 
synthesis) solvate selectively into one of the polymer blocks and charge-separate on the 
order of 5 nm in the applied AC electric field to create effective dipoles.  The effective 
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dipoles exert alignment-inducing torque on dielectric interfaces until they orient in the 
same direction as the field, at which point the charges “dissipate” [65].  To date, one 
publication has conclusively demonstrated predictions of the free ion mechanism [66], 
namely that ion-containing systems align at significantly lower fields, and that the effect 
is more powerful at lower frequencies.  Furthermore, the free ion mechanism predicts 
morphological transitions in some systems.  For example, ion-conducting BCC spheres 
bound inside an insulating matrix are predicted to transition to a cylindrical morphology 
[64].  Although several studies have demonstrated field-induced morphological changes 
in concentrated block copolymers [60, 67, 68], none has conclusively demonstrated 
morphological transformations due to the presence of ions.  The following study is 
intended to elucidate the effect of a DC electric field on the morphology of a block 
copolymer electrolyte membrane with salts solvated in one of the blocks. 

6.2 Experimental Procedure 
The present study demonstrates that the passage of ionic current can significantly affect 
the ODT of block copolymers and induce the growth of large gyroid grains with field 
strengths between 2.5 and 15 V/mm.  Using previously reported methods, a block 
copolymer poly(styrene)-block-poly(ethylene oxide) (SEO) with a PS block molecular 
weight of 1.7 and a PEO block molecular weight of 1.4 kg/mol was synthesized and 
purified.  To this SEO block copolymer, lithium bis(trifluoromethanesulfone)imide 
(LiTFSI) salt was added, and the resulting mixture was dried under vacuum to remove 
traces of solvent and water. The salt concentration, r0, is defined as the ratio of lithium 
ions to ethylene oxide moeties, which was varied in this study between 0 and 0.25.  The 
resulting dry (water and solvent-free) SEO/LiTFSI mixtures are referred herein as block 
copolymer electrolytes.   

6.2.1 Electrochemical Cell Assembly 
In situ cells consisting of symmetric lithium metal/block copolymer electrolyte/lithium 
metal were assembled by placing electrolytes with a fixed value of r0 into insulating 
spacers with inner diameters of 3.86 mm and applying 150 µm-thick lithium metal foil 
(FMC) to both sides of the electrolyte.  Electrolyte thicknesses ranged from 200 to 400 
μm.  The entire cell was vacuum sealed in an airtight pouch material (Showa Denka).    
A schematic of the electrochemical cell is shown in Figure 33.  The resulting pouch cells 
were assembled into a custom heating stage.   
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Figure 33.  In situ electrochemical cell configuration.  Sample is sandwiched between two lithium 
metal electrodes.  Entire cell is sealed in an airtight pouch.  X-rays pass directly through 
electrolyte and both electrodes parallel to direction of ionic current. 

   

6.2.2 Small Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) studies at beamline 7.3.3 at the Advanced Light 
Source were used to determine the quiescent block copolymer electrolyte morphologies 
as a function of temperature by using a custom-made heating stage and air-free sample 
holders.  SAXS was also used to monitor in situ electrolyte structures.  X-rays passed 
through the center of the sample spacer such that they were approximately parallel to 
the direction of ionic current.  The 10 keV X-rays at beamline 7.3.3 achieved good 
transmission through the pouch/cell assembly.  All electrolyte and sample preparation 
steps were performed in gloveboxes with water and oxygen levels < 1 ppm and sample-
containing pouch cells were transferred to the beamline in an air-free metal desiccator 
and stored therein until immediately before usage.  See section 2.1 for a more complete 
discussion of SAXS. 

 

6.2.3 Concentration Gradient Considerations 

As ionic current is passed through the SEO electrolyte samples, the concentration 
profile deviates from the initial flat profile at the bulk concentration due to the generation 
and depletion of Li+ at the anode (Li → Li+ + e) and cathode (Li+ + e → Li), respectively 
(see Figure 34).  This produces a time and position dependant salt concentration, r(t,z).  
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At t = ∞, the concentration profile will become linear with respect to position, and if the 
applied current is above the limiting current, the concentration will be r(∞,0) = 0 and 
r(∞,L) = 2r0, with L being the full length of the cell.  This is graphically depicted in Figure 
34.  

  

 

Figure 34.  Salt concentration gradient within the electrochemical cell during application of a DC 
ionic current.  From an initially flat profile, salt collects at one electrode and depletes at the other.  
At steady-state, the salt concentration is double the initial value at one electrode and 0 at the 
other electrode.  Due to the cell configuration, the SAXS experiment samples electrolyte with all 
salt concentrations.    

 

Cells that contain concentration gradients are considered to be “polarized.”  Due to the 
geometry of the sample in the X-ray beam, the SAXS profiles contain scattering 
contributions from SEO at all r values that exist in the cell at the time of image 
acquisition.  Also at t = ∞, the voltage (or current) response with time will reach steady-
state.  The time for steady-state to be reached is on the order of L2/D, with D being the 
diffusion coefficient of the salt in the electrolyte.  For polymer electrolytes with these 
thicknesses, this time is on the order of 3 hours.  Due to this rough estimate and the fact 
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that the voltage (or current) response with time does not flatten out, these cells are not 
reaching equilibrium and therefore have most likely not reached the extremes of salt 
concentration at the electrodes at t = ∞. 

 

 

6.3 Results 

6.3.1 Quiescent Block Copolymer Electrolyte Structure 

6.3.1.1 SEO(1.7-1.4) Phase Diagram 

Figure 35 shows the phase diagram for the SEO block copolymer with varying salt 
concentrations.  At room temperature, the salt-free SEO is disordered, as indicated by a 
broad, featureless hump on the SAXS profiles.  The SEO with r0 ranging from 0.050 to 
0.170 exhibits lamellar morphologies (alternating sheets of PS and PEO/LiTFSI), as 
given by scattering peaks at integer multiples of the primary scattering peak, q*, 2q*, 
3q* (see Table 1 in Section 2.1).  Upon heating, samples with r0 ranging from 0.050 to 
0.125 exhibit order-disorder transitions (ODTs) at temperatures ranging from 40 to 170 
°C, the maximum temperature used in this study.  Samples with r0 ≥ 0.150 did not 
exhibit accessible ODTs.  At r0 values of 0.190, 0.200, and 0.250, the samples exhibited 
the gyroid morphology, as given by scattering peaks at multiples of the primary 
scattering peak q*, √4/3q*, √(7/3), √(8/3), etc.  The domain spacing, d, is related to q* by 
Equation 5 in Section 2.1. and monotonically increases with r0 in the range of r0 = 0.05 
to r0 = 0.17.  Above r0 = 0.17, d abruptly jumps to 8.18 nm when the gyroid morphology 
is accessed at r0 = 0.190. 
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Figure 35.  Phase diagram of SEO(1.7-1.4) at various temperatures and salt concentrations.  ODT 
temperatures indicated by “o” (left axis).  Domain spacing of samples as calculated from SAXS 
and Equation 5 indicated by “” (right axis).  At concentrations below r0 = 0.05, the sample is 
disordered.  For concentrations in the range 0.05 > r0 > 0.17, the sample is lamellar with accessible 
ODT temperatures in the range 0.05 < r0 < 0.125.  For concentrations at r0 = 0.19 and higher, the 
sample has the gyroid morphology. 

 

6.3.1.2 Structure Evolution without Applied Current or Voltage 

Interesting behavior has also been observed regarding the electrolyte against lithium 
metal without the passage of current.  Figure 36 shows the 1D SAXS profiles for the 
electrolyte at r0 = 0.085 and 135 °C in a symmetric electrochemical cell at 10 minute 
intervals.  The sample is initially disordered as expected from the phase diagram in 
Figure 35.  No current or voltage is applied to the sample.  The open-circuit voltage was 
measured for the sample and remained below 10 mV throughout the experiment.  The 
profile shows the sample begins to order almost instantly.  The final curve at 60 minutes 
shows the sample is distinctly ordered.   
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Figure 36.  Time-resolved 1D SAXS profiles of symmetric electrochemical cell with SEO(1.7-1.4) r0 
= 0.085 at 135 °C.  No current or voltage is applied to the cell.  Profiles are taken at 10 min 
intervals.  Sample is initially disordered, but spontaneously orders with time.   

 

Figure 37 shows the 1D SAXS profiles of electrolytes at various salt concentrations at 
135 °C after waiting 1 hour without an applied current or voltage.  Samples at r0 = 0.065 
and above showed ordering of the electrolyte without any external field, with increasing 
salt concentrations ordering faster.  Sample below r0 = 0.065 did not order within the 
experimental time window (1 hour).  Samples without lithium metal electrodes did not 
order under any circumstances.   

time 
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Figure 37.  1D SAXS profiles of symmetric electrochemical cells with SEO(1.7-1.4) at the salt 
concentrations indicated on the plot.  Profiles are taken after 60 min at 135 °C and no applied 
current or voltage.  Cells with salt concentrations r0 ≥ 0.065 spontaneously order with time.  Cells 
with salt concentrations r0 ≤ 0.055 do not order within the experimental time frame (60 min).   

 

6.3.2 Structural Characterization under Applied Current or Voltage 

 

6.3.2.1 Changing the Order-Disorder Transition with Applied Voltage 

Figure 38 shows applied voltage induced ordering of a block copolymer electrolyte.  
SEO samples with r0 = 0.030 were heated to 135 °C, which is above the ODT for SEO 
with r0 = 0.100, and a 3 V potential (15 V/mm) was applied.  Within 13 minutes under 
this applied voltage, the sample had formed a very strong ordered peak.  The applied 
potential was released after 13 minutes, and the open-circuit voltage (OCV) was 
monitored.  The OCV, which is directly proportional to the cell concentration gradient, 
decayed rapidly, and the ordered peak rapidly diminished to the original disordered 
profile.  If you assume that the ion transport parameters are invariant with the local salt 
concentration, then the salt concentration profile across the cell is linear with the 
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steepest possible gradient gives double the bulk concentration at the anode and zero 
concentration at the cathode.  Thus, for a bulk concentration of r0 = 0.030, the maximum 
expected concentration for a polarized cell is r = 0.060 and the local morphology across 
the entire polarized cell should be disordered at 135 °C.  At r = 0.06, the ODT 
temperature is ca. 80 °C.  It should be noted that the cell does not reach steady-state 
during the experiment, and thus the maximum expected salt concentration of r = 0.06 is 
an overestimate.  The application of voltage across the cells induces ordering at salt 
concentrations that would otherwise exhibit the disordered morphology.  This 
experiment unambiguously demonstrates the voltage-induced disorder-to-order 
transition by fields that are 10 orders of magnitude lower than theoretically predicted 
from the dielectric ordering mechanism. 

 

 

Figure 38.  Time-resolved 1D SAXS profiles of symmetric electrochemical cell with SEO(1.7-1.4) r0 
= 0.03 at 135 °C.  3 V potential is applied for first 13 min, and cell is rested after 13 min to the end 
of the experiment.  Sample quickly orders under applied potential, and disorders when potential is 
removed.  

 

6.3.2.2 Morphological Transition with Applied Current 

Figure 39 shows the 1D SAXS profiles of SEO at r0 = 0.085 at a series of conditions.  
The sample exhibits an equilibrium lamellar morphology at room temperature.   
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Figure 39.  Time-resolved 1D SAXS profiles of symmetric electrochemical cell with SEO(1.7-1.4) r0 
= 0.085 at 135 °C.  A fixed current density of 1.06 mA/cm2 is applied to the cell.  Sample is initially 
disordered and quickly orders to form a lamellar morphology.  After 48 min, the gyroid 
morphology is unexpectedly formed.  From ref [69].  

 

Upon heating to 135 °C, the sample fully disorders.  With the application of a 1.06 
mA/cm2 current density, the sample rapidly begins to order, and the ordered peak 
broadens (notable: low-q shoulder) with time as the concentration profile causes 
differential swelling across the lamellae in the sample.  After 48 minutes, the 2D 
scattering profile is abruptly punctuated by the presence of a few Bragg diffraction 
spots, which, on the 1D profile, index to the gyroid morphology.  The central scattering 
ring remains isotropic, but the low-q shoulder of the ring decreases in intensity.  
Simultaneously, additional Bragg spots appear around the inner ring and higher-order 
Bragg spots appear at spacings consistent with the gyroid morphology.    This leads to 
the conclusion that the most-swollen lamellae in the sample (with the largest d-spacing 
and comprising the low-q shoulder of the isotropic scattering ring) are converted to the 
gyroid morphology [69].  When the gyroid morphology is formed, the 2D scattering 
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pattern resembles a sundial.  Figure 40 shows the effect of current density on the time 
to the sundial scattering pattern or the induction time of the gyroid phase. 

   

 

Figure 40.  Measured time to sundial as a function of applied current density.  Sundial scattering 
pattern indicates the presence of the gyroid morphology.   

 

Figure 41 gives an example of how induction time was measured.  Figure 41a shows 
the 2D SAXS profile of the electrolyte at r0 = 0.085 under 1.28 mA/cm2 applied current 
at 1000 s where no indication of the gyroid morphology is present.  Figure 41b shows 
the next recorded image for that sample at 1066 s where the gyroid is present.  Arrows 
on Figure 41b point to the spots indicating the presence of the gyroid morphology.  The 
induction times was taken as the midpoint between these two images with the time 
resolution being the image acquisition rate of 0.015 Hz.   
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Figure 41.  2D SAXS profiles of symmetric electrochemical cell with SEO(1.7-1.4) r0 = 0.085 at 135 
C.  A fixed current density of 1.28 mA/cm2 was applied.  a) Profile at 1000 sec where gyroid 
morphology is not apparent.  b) Profile at 1066 sec where gyroid morphology has appeared.  
Arrows indicated spots that correspond to the gyroid morphology.   

a) 

b) 
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6.4 Conclusions 
This chapter probes the structure of a block copolymer electrolyte in a symmetric 
electrochemical cell configuration with two lithium metal electrodes.  Under passive 
conditions (i.e., no current or voltage applied) and elevated temperatures, an initially 
disordered structure spontaneously ordered with time.  This occurs for electrolytes with 
r0 ≥ 0.065 within the experimental time frame of 60 min.  While this phenomenon has 
not been fully studied, one hypothesis for this ordering is a surface reaction between the 
initially disordered electrolyte and the lithium metal inducing order in the electrolyte.  As 
the reaction propagates further into the electrolyte, the scattering signal grows stronger.  
Within the confines of this hypothesis, the reaction rate appears to be tied to the salt 
concentration.   

Experiments probing the structure evolution under an applied current or voltage also 
provide interesting results.  The application of a large voltage (3 V or 15 V/mm) to an 
initially disordered electrolyte with a low salt concentration (r0 = 0.03) can induce order.  
This ordering is equivalent to increasing the order-disorder transition temperature by ca. 
50 °C.  Upon removal of the applied voltage, the sample quickly disorders again, 
showing the reversibility of this transition.  The application of a large current density 
(0.74 to 1.28 mA/cm2) to an electrolyte with a moderate salt concentration (r0 = 0.085) 
can induce the initially disordered sample to order and change morphology.  The 
induction time for this change from a lamellar morphology to a gyroid morphology is 
dependent on the applied current density with higher current densities having shorter 
induction times.     
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Appendix A 

Transmission Electron Microscopy 
 

A.1 Introduction 

Transmission Electron Microscopy (TEM) is a powerful technique for characterizing the 
structure of block copolymers.  The use of different techniques available in TEM can 
provide information about microphase structure, crystalline structure, elemental 
distributions, chemical environments, grain structures, etc.  The intent of this Appendix 
is to discuss the specifics of imaging and preparation of polymeric materials regarding 
TEM imaging.  The specifics of a transmission electron microscope (sources, lenses, 
detectors, etc.) are beyond the scope of this appendix (see refs [70, 71] for a detailed 
explanation).    

 

A.2 Transmission Electron Microscopy Imaging 

As a precursor to polymer specific issues related to TEM imaging, some basic TEM 
techniques are discussed here.  Bright field imaging describes the standard or 
conventional imaging conditions for TEM.  The detector is positioned such that the 
incident electron beam from the source would hit the detector.  A void in the sample 
would appear bright in this configuration.  Regions of the sample that are highly 
scattering (i.e., heavier elements) would appear dark in bright field imaging.  Examples 
of conventional bright field imaging are seen in Figures A2 and A3. 

Conversely, in dark field imaging, the detector is positioned such that the incident beam 
will not hit the detector.  A void would appear dark in dark field imaging.  Regions of the 
sample that are highly scattering would appear bright in dark field imaging.  An example 
of dark field imaging is seen in Figure A9a.      

One final imaging technique to discuss is tomography.  Tomography creates a full three-
dimensional reconstruction of the sample.  Normal imaging conditions would generate a 
two-dimensional image with image from the third dimension being averaged.  From a 
tomographic reconstruction, a cross-sectional slice (see Figure A8b) or slices at various 
depths into the sample (see Figures A9b, A9c, and A9d) can be obtained. 

A more full discussion of these techniques can be found in refs [70, 71].   

 

A.2.1 Contrast in Polymer Systems 

Contrast in polymer imaging is one of the main challenges to successfully characterizing 
the structure.  Inherent contrast from a polymer system can arise from differences in 
density and/or elemental composition in different regions of the polymer system (i.e. 
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microphase separated block copolymers, crystalline and amorphous regions in 
polyethylene).  These differences create contrast in the image through two main 
mechanisms, phase contrast and amplitude contrast.  Because polymers are mostly 
composed of light atoms (C, N, and O), the amplitude of the electron wave is not 
significantly adjusted.  Therefore, most of the inherent contrast in polymer samples 
arises from phase contrast.  Section A.2.2 will discuss techniques to increase contrast 
through sample preparation and imaging.   

 

A.2.1.1 Phase Contrast and the Contrast Transfer Function 

Phase contrast is created by phase shifts in the scattered electron beam due to 
interaction with the sample.  Differences in those phase shifts in the different regions of 
the sample induce contrast following the contrast transfer function (CTF).  This section 
will focus on the key points of the CTF, and its application to polymer and block 
copolymer systems.  

Equation A1 gives the CTF (T(k)) for a transmission electron microscope.  In this 
equation k is the reciprocal space scattering vector (similar to q defined in Equation 4). 

 

))(sin()()( kWkAkT =         (A1) 

 

A(k) is a function that describes the effect of an aperture in the back focal plane.  For 
scattering within the aperture, A(k) = 1, and for scattering outside the aperture, A(k) = 0.  
W(k) is the phase shift caused by defocus (controllable) and aberrations (uncontrollable) 
in the microscope.  The functional form of W(k) is given in Equation A2. 
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λ is the wavelength of the incident electron beam (2.51 pm for 200 kV accelerating 
voltage).  Δz is the amount of defocus and Cs is the spherical aberration coefficient of 
the microscope.  There are higher order terms (k6 and k8) associated with different 
aberrations in the microscope.  These terms are generally ignored when dealing with 
polymer systems as the structures are generally larger (leading to k being smaller).  
Figure A1 is a graphical representation of the CTF for a microscope with Cs = 1 mm, λ = 
2.51 pm, and Δz = 500 nm.   
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Figure A1.  Graphical representation of the contrast transfer function (T(k)).  Contrast is 
maximized at T(k) = ±1.  No phase contrast is present when T(k) = 0.  Lines at k = 0.01 nm-1 and k = 
0.1 nm-1 indicate the typical range of block copolymer domain sizes. 

 

Contrast is maximized when the T(k) = ±1 and is minimized when T(k) = 0.  The lines at 
k = 0.01 nm-1 and k = 0.1 nm-1 indicate the typical range for block copolymer samples (d 
= 10 – 100 nm). 

 

A.2.2 Enhancing Image Contrast 

The general homogeneity of elemental composition (C, N, and O) and density (~1 g/ml) 
in most polymers generates little to no discernible contrast in TEM imaging.  There are 
different techniques that can enhance contrast in these materials. 

 

A.2.2.1. Heavy Metal Staining 

One of the most prominent ways of increasing contrast in polymers and block 
copolymers is the use of a heavy metal stain.  These stains preferentially enter one 
phase of the polymer and improve contrast in imaging.  Under bright field imaging 
conditions, these stains darken the phase they enter.  OsO4 is a common stain that 
reacts with double bonds in unsaturated polyolefins, such as polybutadiene and 
polyisoprene.  Figure A2 shows an example TEM image from literature using OsO4 to 
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selectively stain the polybutadiene phase of a polystyrene-block-polybutadiene-block-
polystyrene triblock copolymer [72].  

  

 

Figure A2.  Bright field TEM image of a polystyrene-block-polybutadiene-block-polystyrene block 
copolymer stained with OsO4 to increase contrast.  The OsO4 preferentially reacts with the 
butadiene phase (dark in image).  The structure of the block copolymer is confirmed to be 
hexagonally packed cylinders (see outlined hexagonal array).  Image from ref [72]. 

 

RuO4 is another commonly used stain that reacts with many different compounds.  It 
has been used to react with unsaturated polyolefins (same as OsO4), aromatic rings 
(i.e. styrene), amorphous polyethylene, poly(ethylene oxide), and others.  Figure A3 is a 
TEM image of a polystyrene-block-poly(trimethylene carbonate) sample stained with 
RuO4.  The scattering pattern for this polymer is shown in Figure 4 of the main text and 
shows a lamellar morphology.    
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Figure A3.  Bright field TEM image of a polystyrene-block-poly(trimethylene carbonate) block 
copolymer stained with RuO4 to increase contrast.  As the sample is nearly symmetric, it is 
unclear as to which phase the RuO4 stains.  The structure of the block copolymer is confirmed to 
be lamellar.  Sample is identical to the SAXS scattering pattern from  Figure 4 (see section 2.1). 

 

The lamellar morphology of the sample is clearly seen due to the staining procedure.  
As the sample is nearly symmetric, it is unclear as to which phase the RuO4 
preferentially stained. 

 

A.2.2.2 Energy Filtered TEM Imaging 

Inelastic scattering of electrons provides another method of increasing contrast in 
polymeric TEM imaging.  As incident electrons irradiate the sample, some of the 
electrons lose energy as they pass through the sample.  This energy loss is element 
specific and is related to the binding energy of different electrons in the irradiated 
element.  The energy loss associated with a 1s electron is referred to as the K-edge of 
an element.  The K-edge energy loss, Ek, can be approximated using Moseley’s Law in 
Equation A3. 
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2)1(2.10 −= ZEk               (A3) 

 

In Equation A3, Z is the atomic number of the element.  By employing an energy 
spectrometer, these elemental edges can be used to enhance image contrast.  Figure 
A4 shows the electron energy loss spectrum around the carbon K-edge for a SEO 
electrolyte. 

   

 

Figure A4.  Electron energy loss spectrum near the carbon K-edge of a SEO electrolyte.  The 
sharp increase in intensity near 284 eV is indicative of the K-edge. 

 

The carbon K-edge in Figure A4 is characterized by a sharp increase in the intensity of 
the energy-loss spectrum.  This increase in intensity is what can be exploited to 
increase contrast in imaging.  By incorporating an energy filter with the energy 
spectrometer, a real space image can be collected with a specific energy range.  This 
image can be collected before a specific edge (pre-edge image) or just after the edge 
(post-edge image).  Figure A5 shows a pre-edge image of an SEO electrolyte taken just 
before the lithium K-edge.  
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Figure A5.  Energy filtered TEM image of a SEO electrolyte.  Image is taken pre-edge at the lithium 
K-edge.  Energy filter slit width is 10eV.  The block copolymer structure is not readily apparent in 
this image. 

  

The image has some contrast due to thickness variations in the sample.  The structure 
of the block copolymer is not readily apparent from Figure A5.  Figure A6 shows the 
corresponding post-edge image in the same location. 
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Figure A6.  Energy filtered TEM image of a SEO electrolyte.  Image is taken post-edge at the 
lithium K-edge.  Energy filter slit width is 10eV.  The block copolymer structure is not readily 
apparent in this image.  Image location is identical to Figure A5. 

 

Similar to Figure A5, the image in Figure A6 does have contrast from thickness 
variations, but the block copolymer structure is not apparent.  Figure A7 shows the 
result of dividing Figure A6 (post-edge image) by Figure A5 (pre-edge image). 
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Figure A7.  Lithium ratio map calculated from Figures A5 and A6.  Bright regions correspond to 
the presence of lithium ions from the LiTFSI salt in the SEO electrolyte.  The presence of bright 
spots in the image suggests the structure of the block copolymer is hexagonally packed 
cylinders. 

 

Figure A7 is referred to as an elemental ratio map for lithium.  The bright regions in the 
image correspond to the presence of lithium from the LiTFSI salt in the electrolyte.  This 
would also correspond to the PEO phase of the block copolymer as the LiTFSI salt 
preferentially segregates to the solvating PEO domains.  The structure in Figure A7 is 
hexagonally packed cylinders with a PS majority.   

A.3 Sample Preparation 

Proper sample preparation is one of the most important aspects of TEM imaging.  A 
poor sample will limit or prevent the acquisition of any viable data.  An ideal TEM 
sample is thin (roughly 80 nm for most polymers), flat, and smooth.  Achieving the ideal 
thickness is key to successful TEM imaging.  Excessive thickness can lead to double 
scattering and overlaid grains, both of which will convolute the collected data.  A sample 
that is too thick will also limit the electrons that transmit to the collection device.   
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A.3.1 Ultramicrotomy 

Ultramicrotomy is the only viable method for obtaining samples thin enough for TEM 
from a bulk sample.  Techniques for preparing hard materials (i.e. dimpling and ion 
milling) would excessively damage the polymer structure and render the resulting 
sample different from the bulk structure.   

Ultramicrotomy works by cutting a very thin section from the bulk material using a glass 
or diamond tipped knife.  A bulk sample is trimmed to the trapezoidal shape because it 
limits the tendency of the freshly sectioned polymer sample to roll up on itself, leaving 
the sample useless.  Trimming the sample prior to sectioning with a diamond knife is 
necessary to create a smooth surface to prevent damage to the knife (fixing a damaged 
knife can cost ~$3000).  Sectioning is usually done with a diamond knife, although a 
glass knife can be used for novices.  The instrument control is strongly recommended 
during sectioning for a couple of reasons.  First, the instrument will provide consistent 
speed during the sectioning process.  Sectioning speed is a parameter that can be 
varied to provide consistent sections.  Second, the proximity of the operator during 
manual sectioning will affect the sample through ambient body heat and breath.  This 
intermittent heat source will cause expansion and contraction of the sample during 
sectioning which will lead to samples of varying thickness.  The sections coming off the 
knife should form a ribbon.   

Removal of the samples from the knife can be done using three different techniques.  
For room temperature sectioning, a water bath can be used directly in contact with the 
knife.  This works by floating the samples off of the knife as they are sectioned from the 
bulk sample.  These floating sections are then collected with a TEM grid.  For cryogenic 
sectioning, a droplet of a saturated sugar solution can be used to pick up sections from 
the face of the knife.  The solution is saturated to depress the freezing point of the water 
the most, thus allowing the most time in the cryogenic environment to collect the 
sample.  The section is then transferred to a TEM grid and washed in a water bath to 
remove any residual sugar solution.  For samples that are sensitive to water, a dry 
pickup must be performed (for room temperature or cryogenic temperature).  This 
involves bringing the TEM grid directly to the face of the knife, and the section will hop 
off the knife and onto the grid.  The operator must be careful to not touch the grid to the 
knife edge as this would damage the knife.  Cryogenic temperatures might be employed 
during trimming and sectioning to improve the mechanical properties necessary for 
successful microtoming.     

Microtoming does have a few drawbacks.  Large amounts of samples are required to 
shape a macroscopic sample large enough to work with.  The mechanical properties 
must also be amenable to microtoming.  The polymer must be below the glass transition 
or melting temperature to maintain its shape and withstand the mechanical forces from 
sectioning.  Polymers that are extremely crystalline are also hard to work with due to 
excessive brittleness during handling, trimming, and sectioning.  The sections collected 
are generally nonuniform in shape (despite the trimming before sectioning) and small in 
size relative to the TEM grid.  The thickness of sections is not explicitly controlled (i.e. 
setting the thickness to 50 nm can give sections at 40 nm or 140 nm). 
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A.3.2 Solvent Casting 

Another method of preparing a thin polymer film for TEM is solvent (or spin) casting.  
This technique involves dissolving the polymer of choice in a suitable solvent and 
coating the TEM grid in the polymer solution.  The solvent dries and leaves behind a 
polymer film of the desired thickness.  This technique creates a reliable film that covers 
all (or nearly all) of the TEM grid, providing the maximum area for imaging.  The amount 
of sample required for solvent casting is significantly less than microtoming, as 
theoretically, only the volume of polymer to cover the grid is needed.   

Casting a thin film from a solution can alter the microstructure of block copolymer from 
the bulk morphology [73, 74].  The solvent choice can also have an effect on the 
structure.  The following example from ref [75] shows one clear case where solvent 
choice dramatically affected the block copolymer morphology (see Figures A8 and A9).  
The block copolymer system in Figures A8 and A9 is a poly(sulfonated styrene)-block-
polymethylbutylene (PSS-PMB).  
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Figure A8.  Bright field image of a PSS-PMB block copolymer.  Dark regions corresponds to PSS 
regions of the sample.  Sample prepared by solvent casting and annealing in THF vapor.  a) Top-
down view.  b) Cross-sectional view from tomographic reconstruction.  Cross-section correspond 
to the dotted line in a).  Image from ref [75]. 

 

Figure A8 shows a block copolymer sample prepared by solvent casting and annealing 
in a tetrahydrofuran (THF) vapor environment.  Figure A8a is the top-down view of the 
sample showing the classic lamellar block copolymer morphology.  Figure A8b is the 
cross-sectional view of the sample showing the lamellar morphology is maintained 
through the entire thickness of the sample.  The dark regions in Figure A8 correspond to 
the PSS region of the PSS-PMB block copolymer.     

Taking the same sample in Figure A8 and annealing in water vapor (as opposed to 
THF) produces the images in Figure A9.  Note that Figure A9 is taken in dark field and 
thus contrast is essentially reversed (bright regions correspond to PSS regions).   
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Figure A9.  Dark field image of a PSS-PMB block copolymer.  Bright regions correspond to PSS 
regions of the sample.  Sample prepared by solvent casting and annealing in THF vapor.  a) Top-
down view.  b) Slice near top surface from tomographic reconstruction.  c) Slice near middle of 
sample from tomographic reconstruction.  d) Slice near bottom surface from tomographic 
reconstruction.  Insets in b), c), and d) indicate location in sample thickness.  Image from ref [75]. 

 

Figure A9a shows the top-down view of the entire block copolymer sample showing a 
honeycomb-like structure with bright spots scattered throughout.  Figure A9b shows a 
slice of the sample near the top surface from the tomographic reconstruction.  The 
honeycomb morphology is not seen, but the bright spots are speckled throughout the 
image.  Figure A9c shows a slice of the sample near the middle away from the top and 
bottom surfaces.  The honeycomb structure is readily apparent, but the bright spots are 
absent from the image.  Figure A9d shows a slice of the sample near the bottom 
surface from the tomographic reconstruction.  The structure is similar to structure at the 
top surface (Figure A9b).  The subtle change in annealing solvent created a vastly 
different microstructure during imaging.     

A.4 Conclusions 

Transmission electron microscopy is a powerful tool to study the nanoscale morphology 
of polymeric systems.  There are some difficulties related to the imaging and 
preparation of these polymer samples.  Contrast in conventional bright or dark field 
imaging can be a problem due to the general homogeneity of polymer systems in terms 
of mass and electron density.  This inherent lack of contrast can be enhanced by the 
addition of a selective heavy metal stain (usually OsO4 or RuO4).  The heavy metal adds 
mass and electron density to one phase which increases the scattering and thus 
increase contrast between the two phases.  Another technique to increase contrast is to 
use elemental mapping by utilizing an energy spectrometer and an energy filter.  If an 
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element is heterogeneously distributed in a polymer sample, this technique can provide 
contrast by highlighting the presence of the element.   

Sample preparation can also provide difficulties related to visualizing the nanostructure 
of a polymer sample.  Ultramicrotomy will provide the bulk structure of a polymer 
sample and can be used to section a sample previously used for another analysis 
technique (i.e., SAXS and/or impedance spectroscopy).  It does have a number of 
drawbacks.  A significant amount of sample is needed when compared to end result of a 
70 nm slice.  Thickness of the sample is also difficult to control even within a single 
section.  Solvent casting addresses these two concerns of ultramicrotomy.  The amount 
of sample needed is more commensurate with the volume of the final TEM sample.  The 
sample thickness is also much more uniform over the entirety of the final sample.  
Regarding drawbacks, the thickness and choice of solvent can have a drastic effect on 
the morphology observed in the microscope.     
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