
Ion transport in composites of binary electrolyte and

single ion conductor - a chronoamperometry studyI

Kyra D. Owensbya,b, Xi (Chelsea) Chena, Nancy J Dudney †a, Yiman
Zhang ‡a, Sergiy Kalnausc,∗

aChemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN
37831-6124, USA

bThe Bredesen Center for Interdisciplinary Research and Graduate Education, The
University of Tennessee, Knoxville, TN 37996, US

cComputational Sciences and Engineering Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831-6085, USA

Abstract

Composite electrolytes for lithium batteries typically combine materials with

very different mechanical properties and ionic transport mechanisms and

the degree to which these two phases affect each other is not well under-

stood. In this work we used numerical simulations and experiments to

investigate the transport in composite electrolytes consisting of polyethy-

lene oxide (PEO) with lithium bis-trifluoromethanesulfonimide (LiTFSI) and

Li1.3Al0.3Ti1.7(PO4)3 (LATP) lithium ion conducting glass-ceramic particles.
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In particular we are interested in how the introduction of a single ion conduc-

tor (SIC) changes the salt concentration gradients in the polymer electrolyte

(PE) under applied potential. To study this, we performed numerical sim-

ulations and chronoamperometry experiments in electrolytes with different

arrangements of the SIC and PE phases, i.e. layers and particulate com-

posites. The results show that the particulate composites have the highest

concentration gradients and take the longest time to reach steady state cur-

rent. The best arrangement appears to have a layer of SIC impenetrable to

anions in the polymer phase within the electrolyte membrane.

Keywords: Solid state battery, lithium, composite electrolyte, polymer

electrolyte, transference number

1. Introduction

Lithium ion batteries are considered as a primary choice for energy stor-

age in many applications, ranging from wearable technologies to powering

electric vehicles. The major effort nowadays is dedicated to development of

cells with counter electrode being lithium metal, as such approach allows

for increase of specific energy of the anode by an order of magnitude. The

obstacle on successful integration of metallic lithium anode is the formation

of lithium protrusions, often called dendrites, that form due to non-uniform

plating of lithium on the anode surface and penetrate the electrolyte thus

shorting the battery. Several electrolyte systems have been developed for

solid state batteries; most of them are yet to demonstrate success in pre-

venting lithium growth and propagation toward the cathode. Ceramic and

glass-ceramic ionic conductors can have high ionic conductivity and unity
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transference number for lithium cations. The majority of these materials,

however, are highly brittle and not easily processable into cell structure.

Polymer electrolytes, on the other hand, can be integrated with cathodes,

but they cannot offer mechanical rigidity and strength required to replace

the separator. Therefore, significant research efforts have been dedicated to

composite electrolytes, where the benefits of two phases, hard ceramics fillers

and the polymer matrix, can be combined to create a new material which

would have good transport properties and required mechanical behavior.

The development of composite polymer electrolytes (CPE) originated

from the research on systems containing a polymer matrix, typically PEO-

LiX with X = bis(trifluoromethanesulfonyl)imide (TFSI), ClO4, or CF3SO3,

and non-conductive ceramic particles (e.g. Al2O3) at low volume fractions [1].

The common feature of the CPE designs is the combination of electrolytes

with very different transport mechanisms of lithium ions. Li+ transport in a

polymer electrolyte (PE) matrix occurs by Li cation’s coordination with the

polymer and the transport is facilitated by the segmental motion of the poly-

mer chains. In contrast, the lithium ions in ceramic ionic conductors move

along interstitial positions, for example along the path connecting copla-

nar tetrahedral sites in body centered cubic (BCC) Li10GeP2S12 or through

tetrahedral and octahedral sites in lithium-rich garnet Li7La3Zr2O12 (LLZO)

[2, 3]. Therefore, transport of ions in binary polymer electrolytes occurs

via migration and diffusion due to concentration gradients, while the trans-

port in ceramic solid electrolytes is driven by migration in electric field. An

important parameter to describe ion transport in a given electrolyte is the

transference number, which for a specific ion is determined as a fraction of
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the total current carried by that specific ion. In binary polymer electrolytes,

the transference number for Li+ is always less than one, since the current is

carried by both cations and anions while in solid ceramic and glass-ceramic

electrolytes this number is near unity since the vast majority of the current

(> 99.9 %) is carried via migration of lithium ions with a very small por-

tion carried by electrons. In a polymer-ceramic composite electrolyte these

two ionic conductors are mixed together into a randomly dispersed system

which poses a question of how the effective transport is influenced by the

constituents.

The importance of the lithium ion transference number in formation of

concentration gradients and polarization has been recognized for a long time

[4]. An excellent review of different methods for cation transference number

evaluation can be found in [5]. Apart from specially designed concentration

cell experiments [6, 7], and pulsed field gradient nuclear magnetic resonance

(pfg-NMR) [8, 9], chronoamperometry remains a relatively simple method

for experimental determination of cation transference number [10–13]. In

this technique a symmetric cell with lithium metal electrodes and electrolyte

sandwiched in between is subjected to constant voltage polarization and the

cell resistance is determined at the time of the application of voltage and

after the system’s current converges to the steady state. The lithium ion

transference number can then be determined by the Bruce-Vincent method

[10, 14] which does not require determination of any additional material

constants and assumes ideal electrolytes (Nernst Einstein equation). It has

been demonstrated that this method yields lithium transference numbers

in agreement with electrophoretic NMR (eNMR) measurements [9]. This
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method therefore appears to be the most common method to determine the

effective transference number for Li+ in composite electrolytes [15–17].

It should be mentioned that the mechanisms behind the changes in trans-

ference number due to integration of single-ion conducting (SIC) phase into

a binary electrolyte matrix remain largely unstudied [18]. The introduction

of polymer/solid electrolyte interfaces changes the internal distribution of

anions in the polymer electrolyte phase [19] and, depending on the topologi-

cal features of SIC phase, may lead to either a reduction or increase in local

concentration gradients. While there is a number of reports targeting effec-

tive ionic conductivity by either effective medium theories or more detailed

numerical studies [20–24], the changes in transport mechanisms in polymer

electrolytes with the addition of a SIC phase have not been investigated in

details. In the work summarized here we use polarization chronoamperome-

try and numerical modeling to determine the effective transference number of

lithium ions and formation of ion concentration gradients in the electrolytes

with different arrangements of a model binary PE and a model SIC. The

results are applicable to composite electrolytes as well as to the design of

electrochemical cells with interfacial layers.

2. Materials and Methods

2.1. Materials and electrolyte preparation

Doped lithium aluminum titanium oxide (LATP) ceramic powders (LATP

PW-01) and dense plates (LATP AG-01) were obtained from Ohara Corpo-

ration. The powders had an average primary particle size of 1 µm. The

nominal thickness of the dense plate was 160 µm. Poly(ethylene oxide)
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(PEO, average Mw = 400,000) was purchased from Sigma Aldrich. Lithium

bis-trifluoromethanesulfonimide (LiTFSI) was purchased from 3M and dried

under vacuum at 120 ◦C for 48 h and kept in a glove box filled with Ar

atmosphere.

CPE was made by mixing PEO, LiTFSI and LATP powder with acetoni-

trile on a stir plate at room temperature for six to eight hours. PEO and

LiTFSI were mixed with a molar ratio of [EO]:[Li] = 16:1. The membrane

was then poured into a plastic dish and allowed to cure in a ventilated area

for three days at room temperature. The membranes were then dried at 60o

C overnight. All the electrolyte samples were stored under an argon atmo-

sphere thereafter to minimize moisture exposure. The weight percentage of

the LATP particles with respect to the dried CPE was 30, 50 and 70 wt%,

which corresponds to 15, 30 and 50% by volume.

The PE|CPE|PE and PE|LATP|PE trilayer samples were prepared by

sandwiching a piece of pre-cut CPE or dense LATP film with two pieces of

PE films of the same size to the CPE or LATP film. The trilayer electrolytes

were assembled into standard CR2032 coin cells with two 0.5mm spacers in a

glovebox. Coin cells with Li electrodes were annealed at 70 ◦C for 24 h before

measurements. The control PE sample was prepared the same way using two

pieces of PE films without CPE or dense LATP plate in the middle.

2.2. Polarization experiments

Transference number measurements were taken using the Bruce and Vin-

cent method with a Biologic VSP-300 [10]. Li symmetric cells were assembled

using the PE, PE|CPE|PE and PE|LATP|PE electrolytes. After equilibra-

tion, the impedance was measured at OCV. Then chronoamperometric mea-
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surement was carried out at an applied potential (∆V) of 10 mV for 10 hours.

The impedance was immediately measured with the applied potential, at the

end of the chrononoamperometry experiment.

2.3. Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy (SEM/EDS)

SEM/EDS measurements were taken using a TM3030Plus Tabletop Mi-

croscope from Hitachi. The accelerating voltage used was 15 kV.

2.4. Numerical modeling

The transport in polymer-salt binary electrolyte is modeled by Poisson-

Nernst-Planck (PNP) equations tracing diffusion and migration of anion and

cation (Li+). The ionic fluxes N+ and N− are expressed as

N+ = −z+u+Fc+∇φ−D+∇c+ (1a)

N− = −z−u−Fc−∇φ−D−∇c− (1b)

where z+, z− is the charge (equal to 1 in our case for Li+), u+, u− is the

mobility, c+, c− is the concentration, and D+, D− is the diffusion coefficient

of positive and negative ion respectively, F is the Faraday constant and φ is

electric potential. In the equations above, the first term describes migration

of ions in an electric field and the second term specifies the diffusion. The

mobility of ions is expressed by the Einstein equation

u =
D

RT
(2)

where R is the gas constant, and T is the temperature. Material balance is

observed in the electrolyte, so that the change in concentration c with time

t is equal to the gradient of ionic flux plus the source term corresponding to
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any reactions producing the ionic species. In the case of a binary polymer

electrolyte (i.e. PEO:LiTFSI), this source term is zero since we do not assume

any dissociation/recombination reactions in the electrolyte, and the mass

balance equations are

∂c+
∂t

= −∇N+ (3a)

∂c−
∂t

= −∇N− (3b)

The above equations are supplemented by the Poisson’s equation relating

electric potential to the distribution of charges associated with each of the

ionic species

−∇(ε∇φ) = F (c+ − c−) (4)

where ε is the permittivity. It should be noted that the electron transport

in either phase of the electrolyte is not considered here and the charge bal-

ance involves only positive and negative ions. It is understood that ceramic

electrolytes can have small electronic conductivity and a complete formula-

tion of electroneutrality should include electron transport. However, since

the electronic conductivity is orders of magnitude smaller than ionic conduc-

tivity in LATP (∼ 10−9 S/cm) [25], we chose to neglect it in the current

formulation. PEO is also considered an insulator for electrons. Solving for

the cation and anion concentrations involves the solution of Equations (3)

and requires knowledge of the components’ diffusivities and initial ion con-

centrations. At the steady state of the system, the left hand side terms of

the Equations (3) become zero. Equation (1b) is not applicable within the

SIC domain where the transport of charge occurs by migration of positively

charged lithium ions.
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The above formulation allows for specific determination of ionic fluxes and

concentrations of species at any spatial location within the electrolyte during

the experiment. Such explicit formulation in terms of component fluxes and

species concentrations seems advantageous over description involving ionic

conductivity and combined electrolyte concentration [19]. In all of the simu-

lations the electrolyte was represented by a 30 µm long block having a square

cross-section with a 10 µm side. The interface layer between polymer elec-

trolyte and ceramic electrolyte is described as a thin 100 nm ion-exchange

membrane with the Donnan potential applied across its thickness. Dirichlet

boundary conditions are applied on the surfaces of the electrolyte block at x

= 0 and x = 30 µm prescribing the boundary potential. The charge transfer

reaction between Li and electrolyte is described by the Butler-Volmer equa-

tion. The boundary-initial value problem described by the above equations

was solved using Finite Elements (FE) with implicit backward differentiation

formula (BDF) time stepping in COMSOL Multiphysics package.

3. Results and Discussion

The SEM images of the composite electrolytes with different content of

LATP particles are shown in Fig. 1. With lower loading of the particles

(30 wt%) some areas with less dense particle distribution can be seen in Fig.

1a. The composites with 50 wt% and 70 wt% of LATP are however highly

homogeneous, Fig. 1b, 1c.

Elemental mapping (Energy Dispersive Spectroscopy, EDX) was also done

on these samples. It can be seen that that composites with 50wt% and

70wt% have relatively homogeneous elemental distribution, indicating that
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30 µm

(a)

30 µm

(b)

30 µm

(c)

Figure 1: SEM images (top down view) of composite electrolyte membranes with a) 30

wt%, b) 50 wt%, and c) 70 wt% of LATP particles.

the ceramic particles are spatially homogeneously distributed in the polymer

matrix (Fig. S2, S3). On the other hand the composite with 30wt% LATP

appears to be less homogeneous with particle rich domains between 100 µm

and 200 µm in size (Fig. S1). The spectra of the corresponding maps are

shown in Fig. S4.

Three different scenarios were considered in the numerical studies: i)

electrolyte domain consists entirely of the polymer electrolyte, ii) the middle

portion of the electrolyte is a fully dense plate of single-ion conductor, and iii)

the middle portion of the electrolyte is represented by a composite of polymer

electrolyte and SIC particles. These scenarios are represented in Fig. 2.Three

different loadings of LATP particles were considered in scenario of Fig. 2c:

30, 50, and 70 wt% (15, 30, and 50 vol% respectively). In these scenarios,

the single-ion conductor is represented by LATP with identical properties

and particle size distribution to the material used in the experiments.

In order to simplify the simulation of particulate composite, the parti-

cles of LATP were approximated as spheres. Measurement of particle size

was done using a Horiba laser scattering particle size distribution analyzer
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(a)

(b)

(c)

Figure 2: Electrolyte configurations simulated in the numerical study: a) polymer elec-

trolyte; b) polymer electrolyte with the single-ion conductor middle layer; c) polymer

electrolyte with composite middle portion.
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Figure 3: Representing composite electrolyte in the model as spherical particles with the

corresponding size distribution.

(LDPSA) and the particle size distribution was modeled using the bi-modal

Weibull distribution function. The details of the Monte Carlo simulations to

create CPE model can be found in [26]. The particle packing was simulated

in a cube container with 40 µm side; the smaller volume (10 µm side) was

cut from the center of the large cube to represent the CPE in the chronoam-

perometry simulations, Fig.3.

In this simulation, the polymer electrolyte is represented by binary elec-

trolyte of PEO with LiTFSI salt in it. The molar ratio of EO to Li is 16:1.

The component diffusivities for Li+ and TFSI− were taken from [27] and

the diffusion constant of Li+ in LATP was adopted from [28]. The initial

concentrations and transport properties of the system are shown in Table 1.

The conductivity of the 100 nm interface between polymer electrolyte and

SIC was varied between 1.4× 10−3 S/cm (bulk ionic conductivity of LATP,

[28]) and 1.4× 10−6 S/cm to represent a resistive interface.

Numerical simulations can investigate the distribution of the ionic charge

carriers in the electrolyte and the changes in concentration gradients in the

polymer phase due to the introduction of a single-ion conductor. The com-

puted concentrations of lithium ions in the polymer electrolyte phase are
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Table 1: Transport properties of electrolyte components

PEO:LiTFSI LATP

DLi+ , cm2/s 3.0× 10−7 5× 10−8

DTFSI− , cm2/s 7.0× 10−7 -

cLi
+

0 , mol/m3 1328.9 8310

cTFSI−
0 , mol/m3 1328.9 -

shown in Fig. 4 (the interface layer conductivity was assigned to 1.4× 10−6

S/cm). The values are shown at the steady state and are normalized with re-

spect to the original concentration in the polymer electrolyte at t = 0. Since

the concentration of mobile lithium remains unchanged in LATP, it is not

shown in the plots of Fig. 4. It is interesting to note that the introduction

of SIC plate in the middle reduces the overall gradient of the cation con-

centration in PE, Fig. 4(e), compared to the polymer electrolyte alone, Fig.

4(a). Since the LATP plate is impenetrable to TFSI− ions, concentration

gradients develop in each of the PE domains sandwiching the LATP plate,

Fig. 4(e). The concentration profiles in these subdomains are symmetric.

When particles of LATP are introduced into the PE matrix, the transport of

ions can occur via either LATP or PE phase. In this case the LATP does not

present as an impenetrable obstacle for TFSI− migration and diffusion, and,

therefore, a global concentration gradient across the whole electrolyte block

is established, Fig. 4(b-d). It can be seen that the placement of SIC particles

imparts nonlinearity to the concentration profile at steady state compared

to that in the polymer electrolyte alone (Fig. 4(b-d)).

To further investigate and visualize the internal distribution of charge
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LATP 0 vol% LATP 15 vol%

LATP 30 vol% LATP 50 vol% LATP 100 vol%

C/C0

(a) (b)

(c) (d) (e)

Figure 4: Normalized concentration of lithium cations in polymer electrolytes at steady

state current: a) polymer electrolyte; b) polymer electrolyte with the 15 vol% composite;

c) polymer electrolyte with the 30 vol% composite; d) polymer electrolyte with the 50

vol% composite; e) polymer electrolyte with fully dense LATP block. All plots use the

same color scale for the normalized concentration shown in the figure.
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carriers, we plot the concentration profiles along the cut line in the mid-

plane orthogonal to the domain edges at 0 and 30 µm, as shown in Fig. 5.

The concentration profile of a single PE block of the same size is placed for

comparison in each plot. The concentrations in Fig. 5 are the results of sim-

ulations with interfacial resistance of 1.4 × 10−6 S/cm. The concentrations

correspond to the steady state and are normalized to the corresponding ini-

tial concentration in each phase, based on the values in Table 1; this initial

state is marked with the c/c0 = 1 dashed line. Since the initial concentration

of charge carriers remains unchanged in the LATP phase, the concentration

profile falls to c/c0 = 1 every time the cut line crosses LATP. It can be seen

from Fig. 5d, that the placement of a fully dense single-ion conductor, which

is blocking for anions in PE, creates symmetric concentration profiles in each

of the PE domains, driven by the requirement of charge neutrality. This

profile essentially indicates that for each charge carrier entering the LATP

block, one charge carrier exits from the LATP block on the other side since

all of the ionic current has to travel through the membrane. The situations

involving dispersed LATP particles are different, as the current can be car-

ried by cations in PE phase and by ions in the lattice of LATP particles. The

PE phase should now maintain charge neutrality over the whole domain and

therefore concentration gradients are formed. These are similar in magnitude

to the gradients developed in PE alone; however departure from linear con-

centration profile can be noticed with introduction of the dispersed LATP

particles, Fig. 5a-5c.

Transient behavior of the system can also be analyzed by the profile of the

current density decay to the steady state value as a function of time. Such
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x/h

 PE/LATP/PE
 PE

(d)

Figure 5: Lithium ion concentration profiles normalized to the initial concentration along

the line, shown in red, passing through the center of the domain: a) PE/CPE 30wt%/PE,

b) PE/CPE 50wt%/PE, c) PE/CPE 70wt%/PE, d)PE/LATP/PE. The concentration

profile in a homogeneous PE block is shown for comparison in each plot.

an analysis can be done both experimentally (chronoamperometry) and via

numerical simulations. Due to the small size of the material domain in the

simulation the steady state behavior establishes rather quickly, compared

to the experiments where the thicknesses are an order of magnitude larger.

Nevertheless, a qualitative comparison can be established between the nu-
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Figure 6: Current relaxation during chronoamperometry: a) experiment, b) model.

merical simulations and experimentally measured current, as shown in Fig.

6. In this figure the current is normalized by the initial current in the system

when the 10 mV bias is applied. A good correlation between experimental

and numerical results can be observed. It can be seen that when the dense

LATP plate is placed in the electrolyte, the system reaches steady state very

quickly as a smaller concentration gradient is required to form. In addition

to that, the steady state current is the closest to the initial current among all

of the cases. Contrary to that, the case with the CPE in the middle of the

electrolyte converges to the steady state much slower as a larger concentra-

tion gradient forms, Fig. 4(b-d). The time to reach the steady state differs

depending on the LATP loading in the composite and appears the longest for

70 wt% (50 vol%). All of the cases of the particulate composite electrolytes

show longer times to reach steady current compared to PE alone - the result

confirmed both experimentally and by numerical simulations.

The current in electrolyte is generally described as a sum of all the fluxes

of charge carrying species

i = F
∑

ziN i (5)
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and therefore, since there is no convection motion of charge carriers in a

polymer electrolyte or an SIC ceramic, the current density has the compo-

nents driven by the potential difference and by the concentration gradient

(diffusional component)

i = −F 2∇φ
∑

z2i uici − F
∑

ziDi∇ci (6)

In case of the binary electrolyte, i = 2 and the current is described by the

fluxes of positively and negatively charged ions in Eq.(6). In the absence of

concentration gradient, the current carried by the cations (z+ = 1) is

t+i = −F 2u+c+∇φ (7)

where t+ is the cation transference number and can be determined using

migration flux as

t+ =
Nmigr

+ F

i
(8)

It should be noted that Eq. (8) is only valid when there is no concentra-

tion gradient, i.e., when the diffusion component in Eq. (6) is equal to zero.

Therefore, Eq. (8) must be applied to a system in the initial state (imme-

diately upon applying a DC potential), before a steady state concentration

gradient establishes. In the case of a homogeneous polymer electrolyte, the

flux of cations in the initial state is uniform and as such can be calculated

over any cross-section of the electrolyte orthogonal to the electric field. This

is not the case for composite electrolytes and, for the purpose of calculating

effective lithium transference number, we use the volume average magnitude

of the lithium ion flux such that〈
Nmigr

〉
=

∫
V
NmigrdV

V
(9)
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Table 2: Cation transference number obtained by simulation and Bruce-Vincent method

Sample configuration t+, Experiment t+, Model

PE 0.059 0.3

PE/LATP/PE 0.204 0.54

PE/CPE30wt%/PE 0.186 0.347

PE/CPE50wt%/PE 0.144 0.386

PE/CPE70wt%/PE 0.172 0.424

where V is the total volume of the electrolyte.

The experimental values of the transference number for three different

systems investigated here were obtained using the Bruce-Vincent method

[10]

t+ =
Iss
I0

∆V −R0I0
∆V −RssIss

(10)

where the I0 and Iss are the initial and steady state current respectively, ∆V

is the applied bias potential and R0 and Rss are the initial and steady state

interface resistances. The latter are measured by impedance spectroscopy

before and after polarization, and the corresponding impedance spectra are

shown in Fig. 7.

The initial current I0 was determined using Ohm’s law, as equal to ∆V

divided by the total cell resistance before polarization, in order to avoid any

instrumental lag in measurement of current at zero time. The resulting val-

ues of the lithium transference number are summarized in Table 2. It can be

seen that the highest transference number for lithium cation is predicted in

configuration Fig. 2b (PE/LATP/PE) by both experimental chronoamper-

ometry and by the numerical model. The values of the transference number
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Figure 7: Experiment impedance spectra of the five electrolyte configurations: a) PE, b)

PE/CPE 30wt%/PE, c) PE/CPE 50wt%/PE, d) PE/CPE 70wt%/PE, e)PE/LATP/PE.

however differ significantly between experiment and model prediction. This

is especially pronounced in the case of pure PE, which indicates inability of

the model to accurately describe transport in such electrolyte using the di-

lute approximation, where the component diffusivities are not influenced by

interaction among the ionic species. While the model successfully predicts

the features of the time dependent behavior of all five electrolyte configura-

tions under applied bias, Fig. 6, it fails to yield the same numerical value of

the transference number as that obtained by the Bruce-Vincent method.

Nevertheless, even if absolute values of the transference number are dif-
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ferent, it would be insightful to analyze the enhancement of the transference

number provided by the addition of single-ion conducting LATP to the mid-

dle layer of the electrolyte sandwich. This is illustrated in Fig. 8 where

the values of the transference number are normalized with respect to the

transference number of PE alone for both predicted and experimentally ob-

tained results. In both cases, the addition of LATP particles increases the

overall transference number, and the largest increase is achieved when the

dense LATP plate is placed in the electrolyte sandwich. The degree of this

enhancement is however substantially underpredicted by the model when

compared to the results from Bruce-Vincent method. It is also interesting to

note that among the composite electrolytes, the largest improvement of t+

is experimentally measured in 30wt% (15vol%) composites, while the model

predicts this to occur in 70wt% (50vol%) composite structure. The above

observations indicate thet the interaction between LATP particles and poly-

mer electrolyte is not captured by the idealized model applied in our analysis.

In literature reports, as well as our previous work, it is found that the in-

corporation of ceramic particles into a polymer electrolyte matrix sometimes

leads to an improved Li+ transference number [29, 30]. This is often due

to anion immobilization by the ceramic surface when the ceramic particles

surface has attractive interactions with the anion, [31, 32]. The anion im-

mobilization leads to an increased Li+ transference number in the CPE. In

this work, the interactions between the ceramic surface and the Li salt ions

are not considered. Therefore, a rather modest increase in t+ is predicted by

the simulations, Fig. 8. The enhancement in t+ observed at 30 wt% LATP

may be a result of the particles’ spatial distribution in this composite. As

21



4.0

3.5

3.0

2.5

2.0

1.5

1.0

t +/
t +(

PE
)

100806040200
wt% of LATP in middle layer

 Experiment
 Model

Figure 8: Lithium cation transference number normalized to that of the polymer electrolyte

as a function of LATP content in the middle electrolyte layer. The 100% case represents

the fully dense LATP plate and 0% represents PE.

discussed earlier, this composite exhibit particle-rich and particle-poor areas,

Fig. 1a and Fig. S1. This rather inhomogeneous morphology may turn out

to be beneficial for t+ enhancement.

4. Conclusions

In this work we investigated, both experimentally and via numerical mod-

eling, the behavior of binary polymer electrolyte/single ion conductor com-

posite system with different arrangements of the single ion conductor phase.

The goal was to investigate how the effective transport changes with the in-

troduction of single ion conductor into the binary electrolyte. The current

transients and the Li+ transference number were predicted by numerical sim-

ulations and by chronoamperometry experiments and a good correlation was

observed. While the enhancement of the transference number in particulate

composites is rather modest, both experiments and numerical simulations

show a clear benefit in the placement of a dense single ion conductor plate
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in the middle of the polymer electrolyte. Since such dense plate is impen-

etrable barrier for the anions, the electroneutrality condition leads to much

lower concentration gradients in the polymer electrolyte, resulting in the

overall higher transference number for lithium cations (nearly a factor of two

increase in t+ compared to polymer electrolyte alone). These findings under-

score the value of single ion conductor interface coatings/barriers which may

prove to have benefits in terms of increasing lithium transference number of

the electrolyte.
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