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ABSTRACT 

An  important  consideration  when  designing  lithium  battery  electrolytes  for  advanced

applications is how the electrolyte facilitates ion transport at fast charge and discharge rates.

Large  current  densities  are  accompanied  by  large  salt  concentration  gradients  across  the

electrolyte. Nanostructured composite electrolytes have been proposed to enable the use of high

energy  density  lithium  metal  anodes,  but  many  questions  about  the  interplay  between  the

electrolyte  morphology  and  the  salt  concentration  gradient  that  forms  under  dc  polarization

remain unanswered. To address these questions, we use an in situ small angle X-ray scattering

technique to examine the nanostructure of a polystyrene-block-poly(ethylene oxide) copolymer

electrolyte under dc polarization with spatial and temporal resolution. In the quiescent state, the

electrolyte exhibits a lamellar morphology. The passage of ionic current in a lithium symmetric

cell  leads to the formation of concurrent  phases: a disordered morphology near the negative

electrode, lamellae in the center of the cell, and coexisting lamellae and gyroid near the positive

electrode. The most surprising result of this study was obtained after the applied electric field

was turned off: a current-induced gyroid phase grows in volume for six hours in spite of the

absence  of  an  obvious  driving  force.  We  show that  this  reflects  the  formation  of  localized

pockets  of  salt-dense  electrolyte,  termed  concentration  hotspots,  under  dc  polarization.  Our

methods  may  be  applied  to  understand  the  dynamic  structure  of  composite  electrolytes  at

appreciable current densities.
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MAIN TEXT

Introduction

There are many challenges  associated  with designing rechargeable batteries  that  offer

increased  performance  over  the  current  state  of  the  art  in  lithium-ion technology.  From the

perspective of the electrolyte, one must address two critical design goals: 1) ensure compatibility

with high energy density electrode materials1,2, and 2) enable ion transport at rates required by

the application3. There is considerable interest in developing new composite electrolytes to meet

these  goals.  Multiple  phases  with  different  material  properties  are  leveraged  to  obtain  an

electrolyte with orthogonal properties (e.g.  compatibility  with lithium metal  anodes and high

ionic  conductivity).  Examples  include  ceramic  nanoparticles  dispersed  in  an  ion  conducting

matrix4,  block  copolymers  with  co-continuous  ion  conducting  and  rigid  domains5,  and

crosslinked  polymer  gels  swollen  with  an  electrolyte  solution6.  In  homogeneous  electrolyte

systems (i.e., a mixture of a salt in a single solvent), the second law of thermodynamics requires

that passing ionic current result in a monotonic salt concentration profile between the electrodes

when the electrolyte is initially uniform in concentration. There are, however, many unanswered

questions about the interplay between morphology and concentration gradients in multiphase

systems wherein ion transport  is  fundamentally  different in  the two phases.   Passing current

through these electrolytes can lead to rearrangement of phases or the formation of new structures

that are not present in the quiescent state7. In principle, composite electrolytes can exhibit salt

concentration hotspots, i.e., pockets where the local salt concentration exceeds the nominal value

due to transport bottlenecks. Our understanding of these phenomena is limited.
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The rearrangement of phases in a composite electrolyte is a natural consequence of dc

polarization because the structure of composite electrolytes often varies with salt concentration8–

11. Concentration gradients emerge across the electrolyte when the mobility of the anion is non-

zero12. At early times, the gradients are localized near the electrodes and the salt concentration in

the  middle  of  the  cell  remains  more  or  less  unchanged.  With  time,  the  gradients  propagate

toward  the  middle  of  the  cell  until  a  time-invariant  concentration  profile  is  achieved.

Consequently, the rearrangement of phases will depend on both distance from the electrode and

time.  Additional  complexities  may  arise  due  to  concentration  hotspots.  We  note  that  these

phenomena  are  also  relevant  for  standard  lithium  ion  battery  components  which  inherently

consist  of  multiple  phases:  the  electrodes  are  comprised  of  active  particles  mixed  with

electrolyte, and ion transport between the electrodes occurs within the pores of an inert separator

wetted with electrolyte. 

The  composite  electrolyte  system  studied  in  this  work  is  a  polystyrene-block-

poly(ethylene oxide) (SEO) with bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) where

glassy polystyrene (PS) provides mechanical rigidity and poly(ethylene oxide) (PEO) solvates

the lithium salt and enables ion conduction. The development of concentration gradients in SEO/

LiTFSI mixtures can be predicted using concentrated solution theory because ionic conductivity,

salt diffusion coefficient,  cation transference number with respect to the solvent velocity,  and

thermodynamic  factor  have  been  measured  as  a  function  salt  concentration13,14.  However,

concentrated  solution  theory  does  not  account  for  the  rearrangement  of  phases  or  phase

transitions. Our purpose is to study the effect of applied current on the morphology and phase

behavior  of  an  SEO/LiTFSI  electrolyte.  We  track  the  rearrangement  of  phases  and  phase
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transitions that occur in this electrolyte during polarization by in situ small angle X-ray scattering

(SAXS)  experiments.  These  experiments  enable  determination  of  the  local  structure  of  the

electrolyte as a function of time and distance from the electrodes. The equilibrium lamellar phase

gives way to a disordered phase near the negative electrode and small pockets of a gyroid phase

near the positive electrode. The most surprising result of this study was obtained after the applied

field was turned off: the current-induced gyroid phase grows in volume for six hours in spite of

the absence of an obvious driving force. 

Experimental Methods

We designed a custom electrochemical cell (shown schematically in Figure 1a) to enable

structural characterization of the electrolyte during polarization via SAXS measurements. The

cell  was held in a 2 mm thick polyether ether ketone (PEEK) component with a rectangular

channel cut through. Lithium metal was pressed on one face of two stainless-steel blocks that

served as current collectors and were then inserted into the channel resulting in a 1.23 mm gap

between the two lithium electrodes.  The active face of the stainless-steel block/lithium metal

assembly had dimensions of 1.95 mm by 3.95 mm and the lithium was approximately 100 μm

thick. The polymer electrolyte was then hot pressed into the resulting gap with Kapton windows

affixed over the exposed faces. Cell assembly was performed in an argon-filled glove box with

less than 1 ppm O2 and H2O levels. The entire cell was sealed in an aluminum laminated pouch

with  nickel  tabs  secured  to  the  stainless-steel  blocks  protruding  out  to  allow  electrical

connections. The cell was then removed from the glove box and affixed to a custom-built heat

stage  for  testing.  The  nickel  tabs  were  attached  to  a  Biologic  VMP3  potentiostat  for

electrochemical measurements. A picture of the assembled cell before pouch sealing is shown in

5



Figure  S1.  The orientation  of  the  cell  was such that  the  X-ray beam passed  parallel  to  the

electrodes, passing through the cell components in the following order: pouch, Kapton, 1.95 mm

of  electrolyte,  Kapton,  and  pouch.  All  SAXS  data  was  obtained  at  beamline  7.3.3.  of  the

Advanced Light  Source (ALS) at  Lawrence Berkeley  National  Laboratory15.  The size of  the

beam was approximately 700 μm x 300 μm. We oriented the cell such that the 700 μm dimension

was parallel to the electrode and the 300 μm dimension was perpendicular. The X-ray beam was

then scanned between the  two electrodes  with the  optimal  spatial  resolution  considering  the

electrolyte thickness, L = 1.23 mm, and beam dimensions. Previous studies have been conducted

with  the  X-ray  beam  oriented  perpendicular  to  the  electrodes,  resulting  in  scattering  data

averaged over the entire length of the electrolyte7,16. To our knowledge, this is the first report of

an X-ray scattering experiment performed on a block copolymer electrolyte under dc polarization

with spatial and temporal resolution.
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Figure  1. (a)  Schematic  representation  of  the  experimental  set  up.  10  keV  X-rays  pass
perpendicular to the direction of ion motion (parallel to the lithium electrodes), sampling three
distinct regions of the electrolyte (pink shaded region) which are directly adjacent to each other.
Region I, II, and III are centered at x L−1 = 0.24, 0.50, and 0.74, as shown by the dashed boxes
and  the  beam dimension  in  the  x-direction  is  300  μm.  Based  on  the  cell  polarity,  the  salt
concentration of Region I increases and Region III decreases during polarization. Representative
2D SAXS patterns are shown for each region (corresponding to t  = 7 h). (b) Phase diagram of the
polymer  electrolyte  SEO(1.7-1.4)/LiTFSI  used  in  this  study.  The order-to-disorder  transition
temperature (TODT) versus salt concentration, r avg, is plotted with triangle markers on the left axis;
r avg = [LiTFSI]/[EO]. Shaded regions indicate the phases observed at each temperature and r avg,
where pink, blue, and green correspond to the disordered, lamellar, and gyroid morphologies,
respectively. The domain spacing, d, versus r avg at 90°C is plotted on the right axis as open circle
markers. The filled circle represents the sample used for this study (r avg = 0.07) which exhibits a
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lamellar morphology but is near the disordered/lamellar phase boundary. Data points with open
markers were taken from refs 7, 8. The red line is a fit given by Equation 1.

Results and Discussion

Phase Behavior of the Electrolyte in the Quiescent State

The electrolyte was comprised of a linear SEO diblock copolymer with a 1.7 kg mol -1 PS

block and 1.4 kg mol-1 PEO block mixed with LiTFSI. The molar ratio of LiTFSI molecules to

ether oxygens,  r avg=
[ LiTFSI ]

[ EO ]
, was 0.07. We use the subscript ‘avg’ to denote that this is the

average salt concentration for the entire electrolyte,  which must be conserved throughout the

experiment.  When a dc  potential  is  applied  across  the  cell,  salt  accumulates  at  the  positive

electrode (where the anodic reaction, Li0  Li+ + e-, occurs) and is depleted at the negative

electrode (where the cathodic reaction, Li+ + e- Li0, occurs), which results in a gradient in the

local salt concentration, r (x , t). We define the x-coordinate such that x  = 0 at the anode (positive

electrode) and x  = L at the cathode (negative electrode). Salt concentration gradients have been

measured  experimentally  in  homogeneous  electrolytes17–20.  For  a  microstructured  (i.e.

inhomogeneous)  block  copolymer  electrolyte,  there  is  the  additional  complication  that

morphology will depend on the local salt concentration. 

We present the phase behavior of the SEO copolymer as a function of r avg in Figure 1b.

The addition of salt  to a block copolymer affects the morphology, conducting phase volume

fraction ( f c), and domain spacing, relative to the neat state8,11,21,22. The phase behavior of the SEO

copolymer  doped  with  different  amounts  of  salt  was  characterized  by  conventional  SAXS

experiments in inert sample holders. At low salt concentrations,  i.e. r avg< 0.05, the sample is
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disordered (DIS) at all temperatures (T  > 40°C). Increasing salt concentration results in a phase

transition to an ordered lamellar (LAM) phase. The order-to-disorder transition temperature (

T ODT) increases with r avg. We plot T ODT  as a function of r avg on the left axis of Figure 1b as open

triangles. When r avg exceeds 0.17, the lamellar phase gives way to a gyroid (GYR) morphology,

regardless of temperature. The disordered-to-lamellar-to-gyroid transitions are driven by changes

in polymer/salt interactions23 and changes in f c. As r avg is increased from 0 to 0.25, f c increases

from  0.44  to  0.58.  The  shaded  regions  and  cartoon  schematics  in  Figure  1b  represent  the

morphology in the designated temperature and salt concentration windows. SAXS data from this

system contains a primary SAXS peak at  q =  q¿, where  q is the magnitude of the scattering

vector.  On the right axis in Figure 1b,  we plot  the domain spacing,  d,  as a function of salt

concentration at 90°C as circles (d = 
2 π
q¿ ). Data plotted with open symbols (circles and triangles)

in  Figure 1b was taken from Refs  7,8. The closed symbol represents the sample used in this

study. The disordered state (DIS) is characterized by fluctuations in the local density of styrene

and ethylene oxide monomer units with a characteristic spacing between fluctuations,  dDIS, but

no long-range order. The lamellar morphology (LAM) is characterized by alternating 2D PS- and

PEO-rich domains where the characteristic distance, dLAM , is the distance between the center of

two lamella  of the same component.  The gyroid morphology (GYR) is  characterized by 3D

network of a minority component (PS) dispersed in a matrix of the majority component (PEO)

with a characteristic spacing, dGYR. From the neat state (i.e., r avg = 0) to r avg = 0.04, dDIS increases

rapidly from 6.73 nm to 7.45 nm. Above r avg = 0.04, d increases slowly and smoothly across the
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disordered to lamellar transition with dLAM  = 7.78 nm at r avg = 0.17. The domain spacing for the

disordered and lamellar morphologies is well-described by a double exponential function: 

d=7.80−0.585 exp [−13.3 ravg ]−0.486 exp [−210 r avg] (1)

shown as a red curve in Figure 1b and applies for 0 ≤ r avg ≤ 0.15. For r avg > 0.17, the transition

from lamellar to gyroid is accompanied by a discontinuous change in the dependence of domain

spacing on salt concentration, with dGYR = 8.09 nm at r avg = 0.19 and reaching 8.34 nm at r avg =

0.25. 

Phase Behavior of the Electrolyte under Dc Polarization 

The electrolyte was loaded into the cell shown in Figure 1a and subjected to a constant

potential of 500 mV mm-1 beginning at time t  = 0 h. Based on the thickness of cell (L = 1.23

mm), the applied potential translates to an anodic potential, Φa = 614 mV; the cathodic potential,

Φc, is defined to be zero. In a practical battery electrolyte,  L is on the order of 10  μm, which

corresponds to a potential drop of 5 mV across the electrolyte. While the cell thickness is much

larger than a practical battery electrolyte, the behavior we observe will be analogous in thinner

membranes at the same ΔΦ / L or iL, where ΔΦ is the potential drop across the electrolyte and  i

is the current density. 

The SEO electrolyte with  r avg = 0.07 used in this experiment is represented by a filled

blue circle in Figure 1b; it has a lamellar morphology but is near the DIS-LAM phase boundary.

To monitor the structure of the polymer in response to the applied field, we sample three regions

of the cell. Region I, II, and III are centered at  x L−1 = 0.26, 0.50, and 0.74, respectively, and

spaced by 300  μm, as shown in Figure 1a. We use the notation  r I,  r II, and  r III to denote the
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average salt concentration in each region. Before polarization, the sample was heated to 120 °C

to access the disordered state and erase any thermal history before cooling to 90°C to run the

experiment. We have established that lithium is prone to dissolve from the electrode at elevated

temperatures (>90 °C)24, so we limited the annealing step to 20 min at 120 °C.   In Figure 2a-c,

we present the azimuthally averaged 1D SAXS intensity as a function of q for the three regions.

The black curve in each plot (t  = -0.1 h) represents the structure after cooling to 90 °C and before

polarization. The sharp scattering peak at q¿ = 0.83 nm-1 and higher order scattering peak at 2q¿ =

1.6 nm-1 is indicative of the lamellar morphology. The red curves represent data taken during

polarization at 500 mV mm-1, and the blue curves represent the data taken after the cell was

switched to open circuit at t  = 8.3 h. The time stamp on the curves in  Figure 2c apply to Figure

2a-c. A total of 86 measurements were made for each region over the course of the experiment,

and the selected curves in Figure 2a-c highlight the observed phase transitions.
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Figure 2. Azimuthally averaged SAXS profiles as a function of time for (a) Region I, near the
positive (salt rich) electrode, (b) Region II, near the middle of the cell, and (c) Region III, near
the negative (salt poor) electrode.  Black curves represent the initial  morphology taken before
polarization.  Red  curves  indicate  the  morphology  during  polarization  at  500  mV/mm.  Blue
curves indicate the morphology after the cell is switched to open circuit at t  = 8.3 h. The inset in
(a) highlights the emergent peak corresponding to the gyroid morphology with Bragg reflections
at qGYR

¿  and √4 /3 qGYR
¿  (diamond markers). (d) 2D SAXS pattern of Region I at  t  = 14.1 h. The

ring corresponds to the primary scattering peak of the lamellar phase. The scattered spots directly
inside of the ring correspond to  qGYR

¿  (magnified in the inset) and the spots outside of the ring
correspond to  the  √4 /3 qGYR

¿  reflection.  The  highlighted  sectors  were  selectively  averaged  to
characterize scattering from the gyroid phase. (e) 1D plots of I (q ) for Region II from t  = 0.8 h to
t  = 4.8 h (gray curves). I(q) at t  = 2.6 h is plotted with black open circles and the red curve is a fit
of Equation 2 to the data. The fit is deconvoluted into three parts and offset by a decade for
clarity: background (green dashed line), broad disordered peak (purple dashed line), and sharp
ordered peak (blue dashed line).
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Near the negative electrode (Region III, Figure 2c), the sharp scattering peak seen at t  = -

0.1 h and t  = 1.0 h is replaced by a broad scattering peak characteristic of a disordered phase that

persists through the polarization step (up to  t  = 8.2 h). It is evident that the block copolymer

electrolyte in Region III undergoes an order-to-disorder transition. After the field is turned off at

t  = 8.3 h, the sharp scattering peak characteristic of the lamellar phase is recovered. Near the

center of the cell (Region II, Figure 2b), a similar trend is observed, however at  t  = 8.2 h, the

scattering profile contains signatures of both ordered and disordered domains. As was the case in

Region III, the lamellar phase is recovered after the cell is switched to open circuit. Near the

positive  electrode  (Region  I,  Figure  2a),  the  ordered  lamellar  phase  persists  throughout

polarization (0 < t  (h) < 8.3). At t  = 8.2 h (near the end of the 500 mV mm-1 polarization step), a

small peak emerges on the low-q side of the primary peak. As time progresses, an additional

peak emerges on the high-q side. The diamond markers in the inset of Figure 2a denote these two

peaks at q = 0.796 and 0.918 nm-1, respectively.

The 2D SAXS pattern from Region I at t  = 14.1 h is presented in Figure 2d. The primary

scattering peak corresponding to the lamellar phase in the 1D plot is represented by the narrow,

continuous ring of high intensity. The small peaks on either side of the primary lamellar peak in

the 1D plot correspond to the spots of high intensity inside and outside of the bright ring in the

2D image. These spots are highlighted in the inset of Figure 2d. The azimuthal angles of the

spots do not change during the course of the experiment. While the spots are clear in the 2D

image,  they  are  not  well  resolved  when  the  2D  scattering  intensity  profile  is  azimuthally

averaged. To achieve better resolution, we averaged selected sectors of the 2D scattering profiles

which are indicated by the shaded regions in Figure 2d. An example of the resulting 1D profile is
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shown as an inset in Figure 2a. In addition to the scattering peak corresponding to the lamellar

phase,  we observe  peaks  at  qGYR
¿ = 0.796 nm-1 and  √4 /3 qGYR

¿  =  0.918 nm-1.  These peaks  are

standard signatures  of the gyroid morphology in block copolymers7,25,26 and this  morphology

coexists with the lamellar morphology in Region I. 

To track the phase transitions observed in  Figure 2a-c, we fit the scattering data, I (q ) for

0.36 < q (nm-1) < 1.48 to Equation 2:27

I (q )=I DIS (q )+ I LAM (q )+ I bkg(q), (2)

where  I DIS (q ),  I LAM (q ),  and  I bkg(q ) account  for  the  scattering  from  the  disordered  phase,

lamellar phase, and background, respectively. (The scattered intensity from the gyroid phase in

Region I is much smaller than the lamellar phase, so we neglect it in the fit.) I DIS is given by the

Liebler structure factor28,  I LAM  is a Gaussian function, and  I bkg is a decaying exponential. The

details  of the  fit  are discussed in  the Supporting Information.  The gray curves  in Figure 2e

represent the raw data from Region II from t  = 0.8 h to t  = 4.8 h and the raw data at t  = 2.6 h is

plotted  as  black  data  points.  We use the  t  =  2.6  h scattering  profile  to  describe  our  fitting

procedure. The solid red line in Figure 2e represents the fit of Equation 2 and three contributions

to I (q ), I DIS (purple), ILAM  (blue), and I bkg (green) are shown by dashed curves that are offset by

a decade for clarity.  These fits were repeated for all  of the scattering profiles obtained from

Region I, II, and III. When the sample is completely disordered (e.g. t  = 6.3 h in Figure 2c), we

set I LAM  = 0. For the scattering from the SEO/LiTFSI electrolyte in the quiescent state (i.e., t  = -

0.1 h in Figure 2c), our fitting procedure results in a finite I DIS contribution. In other words, the

sharp Gaussian function presented in Figure 2e does not account for all of the scattering seen

from the nominally ordered sample. Our sample is in the weak segregation limit and, with the
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presence of salt, the Gibbs phase rule requires a coexistence window between the lamellar and

disordered  phase29.  In  other  words,  there  must  be  a  range  of  salt  concentrations  where  the

equilibrium  morphology  of  the  SEO/LiTFSI  electrolyte  consists  of  coexisting  lamellae  and

disordered  grains.  The  coexistence  in  this  sample  was  predicted  from theory  in  Ref  30 and

confirmed experimentally in Ref 27. Given the proximity of our sample (with r avg = 0.07) to the

order-disorder phase boundary, we interpret the diffuse scattering at the base of the primary peak

to  indicate  coexistence  of  a  disordered  phase with the  ordered lamellar  phase.  We certainly

expect ordered and disordered phases to exist simultaneously as the sample undergoes an order-

to-disorder transition due to salt depletion near the negative electrode. The scattering signatures

of the disordered phase emerge smoothly from the diffuse scattering at the base of the primary

peak when the cell is polarized (see gray curves in Figure 2e). With increasing time (in the range

0.8 < t  (h) < 4.8), the IDIS contribution to I (q ) increases in Region II. 
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Figure 3. (a) Cell potential drop, ΔΦ, versus time, t . (b) Current density, i, versus t . From t  = 0
to  t  = 8.3 h, a constant potential of 614 mV (500 mV mm -1) is applied across the cell and the
current is measured. At t  = 8.3 h (represented by a vertical dashed line), the current is set to zero
and the potential is measured. The noise in the voltage and current data is due to interference
from the heating stage, shown in the inset of (b). (c) Volume fraction of the disordered phase,
f DIS, versus t  for Regions I (red squares), II (green circles), and III (blue triangles). (d) Domain
spacing of the lamellar phase, dLAM , (open symbols) for Regions I, II, and III and domain spacing
of the disordered phase for Region III, dDIS (filled symbols) as a function of time. 

The time dependence of cell  potential  drop,  ΔΦ=Φa−Φc,  and current density,  i,  are

presented in Figure 3a and 3b, respectively. A constant potential, ΔΦ = 623 mV (500 mV mm-1),
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was applied across the cell for 0 <  t  (h) < 8.33 during which time the current density,  i, was

measured. At t  = 8.3 h, the cell was switched to open circuit (i=0 mA cm-2 for 8.3 < t  (h) < 25.2)

and the open circuit potential was recorded. The bulk and interfacial resistance of the cell was

measured at intervals spaced by 0.5 h. Similar values were obtained at the beginning and end of

the experiment  (see Figure S3 of the Supporting Information).  The noise in  the current  and

voltage data (inset of Figure 3b highlights an example) is due to interference from the power

cycle  of  the  heating  stage  and  could  not  be  avoided.  The  gray  dashed  line  in  Figure  3a-d

represents the switch from chronoamperometry to open circuit. In order to quantify the extent of

the salt concentration-induced order-to-disorder and disorder-to-order transitions, we calculated

the scattering invariants (see Supporting Information for details) of the disordered and lamellar

phases (QDIS and QLAM, respectively) from the fits described in the preceding paragraph27,31. We

then calculated the disordered phase volume fraction, f DIS, for Region I, II, and III as a function

of time by:

f DIS=
QDIS

QDIS+αQLAM
 , (3)

where α is a correction factor that accounts for the anisotropic scattering of lamellar grains and

the presence of LiTFSI. While all of the scattering from the isotropic disordered phase reaches

the detector, lamellar grains with normal orientation along the path of the X-ray beam do not

contribute to the scattering signal. During a phase transition, the local salt concentration in the

ordered domain will not be equal to that in the disordered domain27, instead it is the chemical

potential of the salt that is equilibrated between the two phases. In principle, α will be a function

of  both  the salt  concentration  in  the  ordered domain  and disordered  domain,  both of  which

change with time in our system. We make the simplification that  α does not depend on  r  and
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estimate α = 2.4, which we use for all calculations of f DIS. Our methodology for estimating α is

given in the Supporting Information. 

We present  f DIS as  a  function  of  time  for  Region  I  (red  squares),  Region  II  (green

circles), and Region III (blue triangles) in Figure 3c. In Region I, f DIS , I remains fixed at about

0.30,  the lowest  value seen in  our  experiment,  for  the duration of the experiment.  Near  the

positive electrode (Region I), we expect polarization to result in an increase in salt concentration,

i.e. r I>r avg. Since the sample is ordered in the quiescent state at r=r avg and because the addition

of salt stabilizes the ordered phase (Figure 1b), we expect this region to remain ordered during

polarization. In Region III, f DIS , III = 0.30 until t  = 0.6 h when f DIS begins to increase sharply. At

t  = 1.8 h,  f DIS , III = 0.98 and the region is  almost  completely  disordered.  Near  the negative

electrode,  we  expect  polarization  to  result  in  a  decrease  in  salt  concentration,  i.e.  r III<ravg,

resulting in the disordering of Region III based on the phase diagram presented in Figure 1b.

Near the center of the cell (Region II), we expect r II ≈ravg due to the constraint that the average

salt concentration in the electrolyte must be constant throughout the experiment. Unlike Region I

and  III,  f DIS , II =  0.45  at  t  =  -0.1  h.  Prior  to  polarization,  we  expect  no  difference  in  the

morphology  of  Regions  I,  II,  and III.  We attribute  this  to  subtle  differences  in  the  ordered

morphology across a 1.23 mm wide sample due to effects such as non-uniformity of sample

temperature or an inhomogeneous stress distribution from the electrodes and sample holder. In

Region II, f DIS , II increases in two steps. It first increases from 0.45 to 0.49 over the first hour and

approaches a short plateau. The second step occurs at t  = 2.1 h: f DIS , II begins to increase sharply

and  reaches  0.92  at  t  =  4.5  h,  reaching  a  plateau  value  of  0.94  that  persists  throughout

polarization (5.6 <  t  (h) < 8.3). The second step commences shortly after Region III is fully
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disordered, suggesting that the disordered phase propagates from the negative electrode towards

the center of the cell, and at steady state the boundary between disorder and order resides in

Region II. When the cell is switched to open circuit, the salt concentration gradient begins to

relax,  and  the  disordered  regions  give  way  to  the  equilibrium  lamellar  morphology.  This

disorder-to-order transition starts at the middle of the cell and propagates towards the negative

electrode; Region II is completely ordered by  t  = 18.1 h, at which point Region III begins to

transition from disorder to order. By t  = 22.1 h the entire sample is ordered with f DIS = 0.30; an

indication  that  the  current  induced  phase  transitions  are  completely  reversible.  The  subtle

differences in f DIS in the three regions prior to polarization are not seen at t  = 25.2 h. 

Measurement of the domain spacing as a function of time and position provides insight

into the effect of polarization on molecular length scales; the data in Figure 1b allows us to make

inferences about the local salt concentration based on measurements of the local domain spacing.

We plot the time dependence of  dLAM  (open symbols) and  dDIS (closed symbols) for the three

regions in Figure 3d. Because the beam size is much larger than a single lamella (300 μm versus

8 nm), dLAM  represents an average over many lamellar grains. In general, dLAM >¿7.55 nm while

dDIS < 7.55 nm. This is consistent with the equilibrium properties of the electrolyte: the value of

d at  the  equilibrium  order-to-disorder  transition  is  7.55  nm  (see  Figure  1b).  As  the  salt

concentration in Region I increases, the lamellae near the positive electrode swell in response to

an increase in the local salt concentration.  dLAM , I  increases from 7.55 nm to 7.63 nm while the

cell  is  polarized  and  then  remains  more-or-less  constant  when  the  current  is  turned  off.  In

Regions II and III, dLAM  is nearly independent of time. The data for dLAM , III is absent in Figure 3d

between 2.2 < t  (h) < 17.1 because the sample is completely disordered during this time window.
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In Region III, polarization results in a decrease in salt concentration and the order-to-

disorder transition as described by Figure 3c. Before polarization, the disordered phase coexists

with ordered lamellae. The free energy required to place an LiTFSI molecule into a PEO-rich

lamella is lower than that required to place it in a homogeneous PS/PEO mixture. Since the salt

partitions to equate its chemical potential between the two phases, the local value of  r  in the

disordered region must be less than that in the PEO-rich lamella, as required by the Gibbs phase

rule.  This  is  consistent  with  our  observation  that  dDIS , III  measured  at  the  beginning  of  the

experiment (7.37 nm) is lower than that of dLAM , III (7.55 nm) based on the mapping of d to r  by

Equation 1. At t  = 0.55 h, the local value of r  in the PEO-rich lamellae falls below the critical

value  needed  to  maintain  phase  separation  and  they become disordered,  starting  first  at  the

bottom of Region III (depicted in Figure 1a) and propagating upward. At t  = 0.9 h, f DIS , III = 0.55

and Region III consists of a completely disordered morphology at the bottom (i.e., closer to the

negative electrode) and a lamellar phase in coexistence with a disordered phase at the top (i.e.,

closer to the positive electrode). We refer to the neighboring ordered and disordered phases that

are  formed  due  the  presence  of  ionic  flux across  the  electrolyte  as  concurrent  phases.  It  is

important to distinguish between concurrent phases formed out of equilibrium (e.g. t  = 0.9 h) and

coexisting phases obtained at equilibrium due to the Gibb’s phase rule (e.g. t  = -0.1 h). The sharp

increase of dDIS , III  for 0.63 < t  (h) < 1.8 is because the PEO-rich lamellae (prior to the order-to-

disorder  transition)  have  a  higher  local  r  than  the  coexisting  disordered  phase,  and  as  the

lamellae become disordered (i.e. mix the PS-rich domains), the amount of salt per ethylene oxide

moiety  in  the  disordered  region  must  increase.  At  t  =  1.8  h,  the  entirety  of  Region  III  is

disordered and dDIS , III = 7.54 nm. With no additional phase transitions occurring, dDIS , III begins

to decrease as the local salt concentration continues to drop and the domain spacing plateaus at
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dDIS , III  = 7.40 nm by t  = 6.0 h. This indicates that the salt concentration gradient has almost fully

developed by this time. When the cell is switched to open circuit at t  = 8.3 h, dDIS , III increases as

the salt concentration gradient relaxes and the local salt concentration in Region III increases. At

t  = 18.6 h, we begin to observe the formation of a concurrent lamellar phase. Note that the ionic

flux in the cell is not zero at this time even though the cell is at open circuit. With time, f DIS , III

decreases and the equilibrium value of 0.30 is obtained at t  = 23.0 h. The decrease in dDIS , III  from

t  = 18.6 to 23.0 h is attributed to the partitioning of salt away from the disordered phase. For

brevity, we do not include the data for  dDIS , I  and  dDIS , II  here but defer it to Figure S6 of the

Supporting Information. Assuming the cell was at equilibrium at  t  = 0, we expect the cell to

return to equilibrium at long times when ΔΦ = 0 mV. It appears that equilibration of our sample

requires longer times; ΔΦ is 180 mV at 25.2 h, so it is not surprising that dLAM , I  and dDIS , III at t  =

25.2 h are different from those at t  = 0 h. 

We  may  use  the  measured  domain  spacing  in  Figure  3d  to  infer  the  local  salt

concentration as a function of x L−1 and t  based on the relationship between d and r avg presented

in Figure 1b. The mapping between  d and  r  by Equation 1 (obtained from data in Figure 1b)

requires accounting for the presence of both coexisting phases at equilibrium and concurrent

phases when ionic flux is present. The value of d reported in Figure 1b based on the location of

the primary scattering peak from ordered phases ignores the coexisting disordered phase. We

thus rescale f DIS given in Figure 3b to span from 0 to 1 and denote the rescaled volume fraction

f ' DIS (i.e. f ' DIS = 0 when f DIS = 0.3 and f ' DIS = 1 when f DIS = 1; f DIS
'

=
1

0.7 ( f DIS−0.3)) . We
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then calculate the local salt concentration, ri, for each region (i = I, II, or III) by Equation 4 for

each time point:

r i= f DIS ,i
' r DIS ,i+(1− f DIS ,i

'
) r LAM ,i (4)

where ri , j is the solution to Equation 1 (with r avg replaced with r i , j) which yields d=d i , j and j

denotes LAM or DIS. In Figure 4a, we present the local  salt  concentration in Region I (red

squares), Region II (green circles), and Region III (blue triangles) as a function of time. Initially,

r i ≈ 0.06 in all three regions, which is slightly lower than the nominal value of r avg= 0.07. The

changes in local salt concentration in Regions I, II,  and III during polarization are shown in

Figure 4a. As expected, salt concentration increases in Region I with increasing time, remains

more or less constant in Region II, and decreases in Region III. The average salt concentrations

in the different regions at the end of polarization are r I = 0.090 (x L−1 = 0.26), r II = 0.059 (x L−1

 = 0.50), and r III = 0.028 (x L−1 = 0.74). We note that the average salt concentration in Region I

cannot be much higher than 0.09 because the salt in Region I must come from Regions II and III

and the average salt concentration throughout the electrolyte is fixed at r avg= 0.07. This analysis

relies on the assumption that the electrolyte morphology under applied electric fields at a given

local salt concentration is identical to that obtained at equilibrium in individual electrolytes cast

at the same salt concentration. 
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Figure 4.  (a)  Estimated  local  salt  concentration  in Region I  (red squares),  Region II  (green
circles), and Region III (blue triangles) versus time,  t , based on Equation 4. (b) 1D scattering
profiles obtained from Region I at t  = 9.6 h (green curve) and t  = 13.7 h (blue curve). The dashed
lines represent a linear baseline. Gray curves represent the scattering data from t  = 5.9 (when no
gyroid peak is present) to  t  = 14.8 h (when the height of the peak is maximum). (c) Domain
spacing of the gyroid phase,  dGYR, versus t . The inset shows the scattering data from t  = 9.6 h
(green curve) and t  = 13.7 h (blue curve) after subtracting the linear baseline shown in Figure 4b.
The maximum value for each curve was taken to be hGYR, and the position of the maximum was
used to calculate  dGYR. (d) Height of the gyroid peak,  hGYR versus  t . The green and blue filled
symbols in (c) and (d) correspond to the data at t  = 9.6 and 13.7 h, respectively.
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Emergence of the Gyroid Phase

We now discuss the formation of a gyroid phase which gives rise to the spots of high

scattering intensity seen in Figure 2b on either side of the primary scattering ring. In Figure 4b,

the  gray  curves  represent  the  1D scattering  profiles  obtained from selectively  averaging the

sectors of the 2D scattering imaging highlighted in  Figure 2b for data obtained from Region I

between  t  = 5.9 and  t  = 14.8 h for 0.75 <  q (nm-1) < 0.82. At early times, there is no feature

corresponding to the gyroid phase;  i.e., the  t  = 5.9 h data set has no noticeable peak. As the

experiment proceeds, a peak begins to emerge at q = 0.77 nm-1 which grows with time and shifts

to higher q. The green (t  = 9.6 h) and blue (t  = 13.7 h) data sets in Figure 4b show two examples

of scattering data with noticeable gyroid peaks. The location and intensity of the peak provide

information on the nature of the current-induced gyroid phase. The measured scattering curves

are corrected for scattering from the lamellar  phase by subtracting linear baselines shown as

dashed lines for the two examples in Figure 4b. We define the height of the peak,  hGYR, as the

maximum intensity of the baseline corrected data and qGYR
¿  to be the location of hGYR on the q-

axis.  We  calculate  the  periodic  length  scale  of  the  gyroid  phase,  dGYR=
2 π
qGYR

¿ .  The  time

dependence  of  dGYR and  hGYR are  presented  in  Figs  4c  and  4d,  respectively.  Examples  of

background subtracted intensity profiles are shown in the inset of Figure 4c for the  t  = 9.6 h

(green curve) and  t  = 13.7 h (blue curve) data sets. The dashed gray line in Figure 4c and 4d

represent t  = 8.3 h when the cell was switched to open circuit. The gyroid phase emerges near

the end of the polarization step. 
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The gyroid phase is the thermodynamically favored morphology for the SEO copolymer

electrolyte when r>0.17 (see Figure 1b). The appearance of a gyroid phase in our experiment is

surprising because we have estimated the maximum salt concentration in Region I to be r I = 0.09

(see Figure 4a) based on the domain spacing of the lamellar phase. The fact that the gyroid phase

is announced by spots rather than rings in the SAXS patterns indicates that the current-induced

transformation  from lamellae  to  gyroid  occurs  in  relatively  few grains.  The current-induced

gyroid phase first appears at t  = 7.1 h and dGYR = 8.1 nm. This suggests that the salt concentration

within the gyroid grains isr  = 0.19 based on the characteristic domain spacing of the gyroid

morphology under quiescent conditions (Figure 1b). The fraction of Region I occupied by the

gyroid  phase  is  extremely  small  at  all  times:  the  integrated  intensity  of  the  SAXS  peaks

associated with this phase amounts to 0.42% or less (see Figure S7; the value of 0.42% is an

upper limit calculated at t  = 13.7 h when hGYR in near the maximum).  Thus, the presence of a

small volume fraction of a salt-dense gyroid phase does not significantly change our calculation

of the average salt concentration in Region I presented in Fig. 4a.

The mechanism by which the gyroid phase forms in response to ionic current remains an

open question,  although it has been previously reported in an SEO/LiTFSI electrolyte of the

same copolymer7.  We posit that the gyroid phase nucleates in Region I at defects where PEO-

rich lamellae orientated parallel to the electric field terminate in a wall of polystyrene. Ions are

driven  towards  the  positive  electrode  in  the  PEO-rich  channel  but  cannot  penetrate  the

polystyrene, and salt accumulates in a highly salt-dense pocket, i.e., a salt concentration hotspot.

This may result in a steep microscopic salt concentration gradient on the length scale of the grain

size (smaller than 1 μm). Such grain boundaries are necessarily rare in an unaligned sample, so
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we would expect only a few gyroid grains to emerge. When the cell is switched to open circuit (t

= 8.3 h), the salt diffuses away from the pocket and  dGYR decreases to 7.9 nm by  t  = 14.1 h,

suggesting a decrease in  r  within the gyroid from 0.19 to 0.17 over the first six hours of open

circuit. The relaxation of the microscopic salt concentration gradient results in an increase in the

volume of polymer around the pocket where r  > 0.17, and a local lamellar to gyroid transition

occurs. We thus observe an increase in hGYR from 6 to 31 in the time window fromt  = 8.3 to 14.9

h. The decay of  hGYR from 31 towards 0 for  t  > 14.9 h reflects the reconversion of the gyroid

grains to the lamellar phase as the local salt concentration falls below the critical value needed to

maintain  the  gyroid  (r  =  0.17).  As  expected,  dGYR remains  constant  during  this  decay.  The

changes  in  the  2D  SAXS  profiles  in  Region  I,  particularly  the  non-monotonic  changes  in

intensity of the gyroid scattering spots, can be clearly seen in the movie file “Region_I.avi” in the

Supporting Information.

In  a  previous  work,  Mullin  et  al  studied  the  same  SEO  copolymer  with  a  salt

concentration of  r avg = 0.085 under applied fields of 2.5 to 15 V mm-1 7.  They described the

formation of gyroidal grains with a continuous gradient in domain spacing, which the termed

“gradient crystals”. In our experiment, we observe gyroid grains with a single, time-dependent

domain spacing at a much lower field of 500 mV mm-1. This suggests that steeper microscopic

concentration gradients that must form under higher potential gradients result in a gyroid phase

with a continuously changing domain spacing.    

The effect of grain structure and defect density on ionic conductivity in block copolymer

electrolytes  has  been  studied  using  ac  impedance  spectroscopy,  and  it  understood  that

conductivity decreases as grain size increases (i.e., number of defects decreases) in unaligned
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samples32,33.  This conclusion is  based on ac impedance spectroscopy which is,  by definition,

carried  out  without  inducing  concentration  gradients.  Our  interpretation  of  how the  current-

induced gyroid phase is formed in the SEO/LiTFSI electrolyte at 500 mV mm -1 suggests that

defects  and grain boundaries play a more dramatic  role when dc potentials  are applied.  The

formation  of  concentration  hotspots  and  the  concomitant  steep  microscopic  concentration

gradients is outside the scope of 1D models of ion transport that are currently used to model

batteries34,35.  The development of 2 or 3D models based on Newman’s concentrated solution

theory12 that incorporate the nanostructure of the composite electrolyte may be illuminating. A

complete understanding of ion transport in composite electrolytes will require consideration of

these effects.

Conclusions

To summarize, we have revealed rich phase behavior in a block copolymer electrolyte

near  the  lamellar  order-to-disorder  phase  boundary  during  dc  polarization  and  subsequent

relaxation. During polarization, three morphologies are present concurrently with characteristic

spacings which vary significantly as a function of both position and time:  a pure disordered

phase near the negative electrode, coexisting lamellar and disordered phases in the middle of the

cell,  and coexisting  lamellar,  disordered,  and gyroid phases  near  the positive  electrode.  The

observation  of  a  gyroid  phase  is  especially  significant  because  it  implies  the  presence  of

concentration  hotspots.  We  hypothesize  that  steep  microscopic  concentration  gradients  can

develop in the cell at defect sites where the non-conducting polystyrene phase blocks the flow of

ions parallel to the electric field. Such effects are not captured by existing theories that describe

ion transport in lithium batteries using 1D models12. The relaxation of the current induced gyroid
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phase  under  open  circuit  conditions  is  non-monotonic  due  to  the  presence  of  microscopic

concentration  gradients.  While  ion  transport  in  block copolymer  electrolytes  (and composite

electrolytes  in  general)  has  been  extensively  studied  both  experimentally14,36,37 and

computationally38,39, it is usually assumed that the structure remains fixed during polarization.

We have shown that this is not the case for an SEO/LiTFSI electrolyte operating under practical

conditions  with  significant  concentration  polarization.  It  seems  obvious  that  the  interplay

between the dynamic nanostructure and ion transport will depend on parameters such as domain

size, geometry, average salt concentration, and current density. The experiment described in this

work serves as an example of how these complex relationships could be unraveled. 
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ABBREVIATIONS

DIS disordered phase

GYR gyroid phase
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I X-ray sampling region corresponding to the beam position centered at x L−1 = 0.24

II X-ray sampling region corresponding to the beam position centered at x L−1 = 0.50

III X-ray sampling region corresponding to the beam position centered at x L−1 = 0.74

LAM lamellar phase

LiTFSI bis(trifluoromethylsulfonyl)amine lithium salt

PEO poly(ethylene oxide)

PS polystyrene

SAXS small angle X-ray scattering

SEO polystyrene-block-poly(ethylene oxide)

SYMBOLS

d domain spacing, nm

f volume fraction 

f ' rescaled volume fraction

f c conducting phase (i.e. PEO/LiTFSI) volume fraction

h peak height, arbitrary units of inverse length

i current density, mA cm-2

I scattered intensity, arbitrary units of inverse length

L distance between the electrodes, mm

q scattering vector, nm-1

q¿ scattering vector at the primary peak, nm-1

Q scattering invariant, arbitrary units of inverse length per volume

r salt concentration, molar ratio of LiTFSI molecules to ether oxygens

r avg average r  from x L−1 = 0 to 1 in the electrolyte
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t time, h 

T temperature, °C

T ODT order-to-disorder transition temperature, °C

x spatial coordinate parallel to the path of ion motion, μm

y spatial coordinate perpendicular to the path of ion motion, μm

GREEK

α correction factor to obtain volume fraction from scattering invariants

Φa potential at the anode, mV

Φc potential at the cathode, mV

ΔΦ cell potential drop, mV
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