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Albert Einstein 48, 01510 Vitoria-Gasteiz, Spain   

A R T I C L E  I N F O   

Keywords: 
Li6PS5Cl 
Argyrodite 
All-solid-state battery 
Processing of sulfide electrolytes 

A B S T R A C T   

The development of solid electrolytes has made significant progress in the last decade. Among the most prom-
ising materials, sulfide-based electrolytes show high ionic conductivities and low densities, and their precursors 
are abundant. For industrially relevant battery cells, sulfide electrolytes need to be processed to form thin 
electrolyte sheets that are either directly applied to the electrodes as coatings or prepared as stand-alone films. 
Thus, processing of sulfide electrolyte powders has recently drawn much attention as it seems to be one of the 
major challenges in realizing sulfide-based all-solid-state batteries. 

In this work, six different binders (NBR, HNBR, PIB, PBMA, SBS, SEBS) were selected for preparation of 
electrolyte films using Li6PS5Cl as a sulfidic model compound. The influence of the binders on the electro-
chemical performance as well as on the mechanical properties of the resulting films was investigated. In addition, 
binder blends were explored as a vial approach to optimize the properties of the electrolyte films. Special focus 
was put on elucidating the relation between the physico-chemical properties of the binder materials and the 
resulting electrochemical and mechanical properties of the electrolyte films.   

1. Introduction 

Significant improvements have been achieved over the last few de-
cades [1] in the development of solid electrolytes for lithium (ion) 
batteries. Sulfide electrolytes like Li3PS4, argyrodites (Li6PS5X; X = Cl, 
Br, I), or Li2S-P2S5 glasses achieve ionic conductivities in the order of 
10− 3 S cm− 1 close to the ones of their liquid counterparts [2]. In addi-
tion, much higher Li+ transference numbers (around 1 [3], compared to 
0.3 for liquid electrolyte [4]) are observed for this class of electrolytes. 
Nevertheless, battery cells incorporating solid sulfide electrolytes usu-
ally show lower performance than comparable systems using liquid 
electrolytes [5]. Furthermore, elevated pressures need to be applied 
during battery assembly and operation to ensure good contact between 
the active material and electrolyte particles [6]. 

Therefore, the question arises whether and how it is possible to 
obtain similarly or even higher-performing cells using sulfide electro-
lytes. In recent years, a lot of research was dedicated to the optimization 
of sulfide electrolyte processing, especially the argyrodite family [7–10]. 

The argyrodites show improved performance over other sulfide systems 
as they achieve high ionic conductivities and form electronically 
isolating interphases at the Li|electrolyte interface [2], making them 
kinetically stable components. Ionic conductivities of around 10− 3 S 
cm− 1 can be achieved, and their mechanical properties allow cold- 
forming processes, in contrast to most oxide-ceramic electrolytes 
which need high temperatures for compact sintering [11]. Large-scale 
manufacturing of a mechanically stable film with sufficient ionic con-
ductivity from the precursor sulfide electrolyte powders, however, re-
mains a challenge. 

Recently, dry processing of battery materials has become a trend to 
avoid the use of toxic and hazardous solvents [12]. However, most of the 
applied processes are difficult to scale to industrially relevant sizes and 
are not compatible with current battery manufacturing processes. 
Developing and integrating new production methods means higher costs 
for the final product. Therefore, an intermediate approach exploits the 
well-established wet processing technologies of conventional lithium 
ion batteries [11]. 
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Electrolyte film preparation using wet processing heavily relies on 
the selection of a suitable binder material to maintain high cohesion of 
the electrolyte particles and allows for mechanically demanding pro-
cessing steps like cutting and rolling. In addition, the selected binder 
material limits the range of solvents suitable for processing. Although a 
vast range of different binder materials has been used in literature for 
argyrodite materials, comparative studies are rare and often restrict 
their investigations to one-component binder systems [10]. 

Therefore, in this work we compare different binders and their effect 
on the ionic conductivity of Li6PS5Cl films processed by wet chemical 
means using tape casting. The impact on the ionic conductivity and 
processability of the resulting films is evaluated by means of electro-
chemical impedance spectroscopy and Mandrel bend testing. Further-
more, the effect of binder blends on the performance of the electrolyte 
films is evaluated. Finally, some considerations for a more efficient 
approach to binder selection for sulfide-based electrolyte film processing 
are given. 

2. Experimental 

2.1. Materials and solvents 

Commercially available Li6PS5Cl powder was purchased from NEI 
Corp. and used as received. Poly(acrylonitrile-co- butadiene), i.e. nitrile 
butadiene rubber (NBR, Perbunan 1846F, Arlanxeo), Hydrated Poly 
(acrylonitrile-co- butadiene) (HNBR, Therban LT1707, Arlanxeo), Poly-
isobutylene (PIB, OPPANOL N80, BASF, Mw ~800,000), Poly(styrene- 
butadiene-styrene) (SBS, Sigma-Aldrich, Mw ~153,000–185,000), Poly 
(styrene-ethylene-butadiene-styrene) (SEBS, Sigma-Aldrich, Mw 
~89,000), and Poly(butyl methacrylate) (PBMA, Sigma-Aldrich, Mw 
~211,000) were used as binder materials and dried at 60C under vac-
uum for 24 h before usage. Anhydrous p-xylene (Sigma Aldrich) was 
used as received and was employed as solvent for all binders. 

2.2. Processing and manufacturing of electrolyte films 

Electrolyte films were prepared as follows. First, binder solutions 
with different concentrations (NBR – 8 wt%; HNBR – 8 wt%; PIB – 8 wt 
%; SBS – 16 wt%; SEBS – 16 wt%; PBMA – 20 wt%) were prepared. 
Appropriate amounts of the binders were dissolved at room temperature 
using a magnetic stirrer and a glass-covered stirring bar. Higher con-
centrations were used if the binders did not significantly increase the 
viscosity of the obtained solutions compared to the pristine solvent at a 
concentration of 8 wt%. This was necessary to reach similar viscosities 
for the final electrolyte slurries for all samples. Although the viscosity of 
the slurries was not measured, it could be qualitatively determined 
during casting of the samples. The obtained binder solutions were then 
used for electrolyte film preparation. Appropriate amounts of the elec-
trolyte (usually around 1 g) and binder solutions (usually in the range of 
0.2–0.5 g) were mixed in polypropylene pots inside an Ar-filled glove-
box (O2, H2O ≤ 0.1 ppm). Additional solvent was added to adjust the 
solid content. The polypropylene pots were sealed using parafilm© and 
tape. They were then shuttled outside the glovebox and mixed in a 
planetary centrifugal mixer (THINKY ARE250) for 3 min at 2000 rpm 
and for another 2 min at 1000 rpm (degassing step). After transferring 
back into the glovebox, the obtained slurries were cast onto PTFE foils 
(thickness = 50 μm, High-tech-flon®) using a 200–300 μm doctor blade at 
shear velocities of 5 mm/s (TFC-200, automatic research). The cast films 
were further dried at room temperature in an inert atmosphere for at 
least 24 h and further peeled off from the substrate. Samples which could 
not be peeled off as self-standing films were scratched off from the 
substrate using a scalpel. 

2.3. Powder X-ray diffraction and Scanning electron microscopy 

Powder X-ray diffraction (XRD) measurements were conducted using 

a PANalytical X'Pert Pro in Bragg-Brentano geometry. The X-ray source 
was a Cu tube using a Ni filter. All samples were prepared in an Ar-filled 
glovebox and sealed within a sample holder using a polymer cap to 
avoid any contamination of the samples during the measurements. To 
limit contamination of the samples with moisture, the measurement 
time was limited to 1 h and only a limited 2θ range of 5–80◦ was 
scanned. The polymer cap shows a broad peak around 20◦ 2θ, which can 
be observed in all diffraction patterns. 

Scanning electron microscopy (SEM) was performed using a ZEISS 
Supra 40 electron microscope. The acceleration voltage was set to 3 kV. 
The sample films were mounted on sample holders inside an Ar-filled 
glovebox using Ag-paste. Cross-sections for the samples were manually 
cut using a scalpel. The samples were then transported to the microscope 
within a sealed container. The container was opened only for mounting 
the samples onto the SEM instrument, which exposed them to air for 
around 30 s. Thus, contamination due to adsorbed moisture from the 
surrounding air could be limited to a minimum, but not fully prevented. 

2.4. Electrochemical and mechanical testing 

The electrolyte films and powders were tested in a setup described in 
more detail in [13]. The electrolyte was sandwiched between two steel 
dies within a polyetherether ketone (PEEK) liner/template (16 mm 
diameter) and densified by applying 300 MPa for 5 mins. Then the 
pressure was released, and the impedance was measured at different 
pressures ranging from 0 to 300 MPa. Frequencies from 1 MHz to 1 Hz 
were applied using an AC excitation voltage of 10 mV in potentiostatic 
electrochemical impedance spectroscopy (PEIS) mode. The ionic con-
ductivity was calculated using the following equation, σ = 1

R • l
A where R 

is the experimentally determined resistance, while l and A correspond to 
the electrolyte thickness and area, respectively. An AMETEK VersaSTAT 
MC or Gamry Interface 1010E potentiostat was used for all 
measurements. 

Mechanical tests were performed by winding the cast electrolyte 
films with the PTFE substrate around PTFE cylinders with different di-
ameters in a so-called Mandrel bend test. Thus, strains of 0–4 % were 
applied, depending on the thickness of the cast samples and the diameter 
of the PTFE cylinders. The following diameters were selected for the 
cylinders: 76.20 mm, 25.07 mm, 15.40 mm, 10.30 mm, 7.51 mm, 5.10 
mm, 3.25 mm. All samples were optically investigated for cracks or tears 
after each bending test, which would indicate breakdown of the films. 

3. Results and discussion 

3.1. Selection of suitable binder materials and solvents for processing 

Binders for electrolyte film fabrication using Li6PS5Cl need to meet 
many different requirements. They should be soluble in solvents 
compatible with the solid electrolyte and should not have an adverse 
impact on the ionic conductivity. Furthermore, they need to yield suf-
ficiently high mechanical strength to hold particles together and enable 
processing of the films with established methods like roll-to-roll pro-
cesses and die-cutting. 

Six different binders were investigated for their suitability to be used 
in combination with the Li6PS5Cl material. They are listed in Table 1, 
and their chemical structures are shown in Fig. S1. NBR and HNBR are 
random co-polymers which have been frequently used as binders for 
sulfide-based electrolytes [9,10,14,15] due to their compatibility with 
suitable solvents. HNBR is a derivative of NBR and shows higher 
oxidative stability due to the elimination of the C––C double bond in the 
polymer backbone by hydration [16]. SBS and SEBS are block-co-poly-
mers with styrene and butadiene blocks aligned in the polymer chains. 
These blocks form micro-domains of polystyrene (high Tg) which are 
embedded in a polybutadiene matrix (low Tg) [17]. SEBS is a hydrated 
derivative of SBS and thus increased oxidative stability is expected 
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(similar to HNBR). Finally, PIB and PBMA are homopolymers which are 
composed of only one monomer unit. PIB has the lowest and PBMA the 
highest glass transition temperature (Tg) among the investigated mate-
rials, i.e. − 64 ◦C and 20 ◦C respectively. 

First, the solubility of the six binders in the selected solvent, i.e. p- 
xylene, was determined. 6 wt% solutions of all binder-solvent combi-
nations were prepared, and the solubility was optically determined. A 
good solubility of all binders in p-xylene could be observed (cf. Fig. S3), 
in accordance with literature [7,9,10,14,22,23]. 

The binder materials were tested for their suitability to prepare 
freestanding electrolyte films with high ionic conductivities. As previ-
ously reported in the literature [10], a binder content of around 3 wt 
%/5 vol% is sufficient to obtain self-supporting films without deterio-
rating the ionic conductivity too much. 

Furthermore, a solid content of around 54 wt% [9] for the sulfidic 
electrolyte was assumed to yield an optimized slurry viscosity and 
rheological behavior for casting. Unfortunately, addition of the different 
binders to the electrolyte slurries yielded very different viscosities. 
Although it was possible to cast all samples onto PTFE foils, the quality 
of the castings varied widely due to the different thickening properties of 
the binder materials and consequently the different rheological prop-
erties of the obtained slurries. Thus, it was decided to vary the solid 
content by binder in order to obtain similar qualities of the casts. 

Freestanding films without any tears or cracks could be obtained for 
almost all samples, i.e. those containing NBR, HNBR, PBMA, SBS, and 
SEBS. The electrolyte film obtained from PIB adhered quite strongly to 
the substrate and could only be removed using a scalpel, however, some 
cracks could not be avoided during this procedure. 

XRD patterns of all prepared electrolyte films were recorded to check 
for possible incompatibilities. No additional diffraction peaks stemming 
from decomposition products like LiCl or Li2S [24,25] could be 
observed, though (cf. Fig. S2). 

3.2. Evaluation of electrochemical properties 

The ionic conductivities of the obtained films were measured by PEIS 
at different pressures. Before the measurements, the samples underwent 
two different pre-treatments. Sample films labelled as powdered were 
first manually powdered using an agate mortar and further densified 
into pellets (16 mm diameter; ~1000 μm thickness) applying 300 MPa 
for 5 min (54MP150D Maassen GmbH). Samples labelled as film were 
only cut into circular shapes (15 mm diameter; ~100 μm thickness) and 
densified at 300 MPa for 5 min. All measured ionic conductivities are 
presented in Fig. 1. 

A slight difference could be observed when comparing data obtained 
from the densified electrolyte films and the powdered samples. For most 
samples (except those using HNBR and PIB) the powdered pellets 
showed higher ionic conductivities. It is assumed that inhomogeneities 
in the film thickness were the main reason for this observation, as re-
ported elsewhere [7]. Inhomogeneous material distributions and 
consequently inhomogeneous thicknesses of the prepared electrolyte 
films could lead to local differences in the applied pressure and subse-
quently in the local densities of the samples. For the powdered samples, 
a more uniform material distribution is to be expected, and thus a more 

homogenous densification can be achieved (cf. Fig. 2). The ionic con-
ductivity obtained from the PEIS measurements gives the average ionic 
conductivity of the samples. Thus, areas with low density will give lower 
ionic conductivities. In contrast, areas with increased density will yield 
higher conductivity. However, at high pressures, the increase in ionic 
conductivity becomes less prominent as it can be seen in the pressure 
dependency of the obtained ionic conductivities in Fig. 1. Therefore, the 
contribution of the areas with lower density will have a far higher 
impact on the overall ionic conductivity than areas with higher density, 
yielding overall lower ionic conductivities for the densified films with 
inhomogeneous local densities compared to the densified powders. 

SEM micrographs of the prepared samples (before densification) 
show that indeed a high surface roughness is obtained for the cast films, 
especially at the surface not facing the PTFE substrate. Furthermore, the 
densified films appeared to be much less homogeneous than the pressed 
powder pellets, and dark spots could be observed, indicating areas of 
high densification, see Fig. 3. 

Therefore, only measurements of the powdered samples will be 
compared henceforth for evaluation of the different binder materials so 
that only the influence of the binder on the ionic conductivity is regar-
ded, uninfluenced by inhomogeneous material distributions. 

A comparison of the ionic conductivities obtained from samples 
using different binders is shown in Fig. 4. The ionic conductivities of all 
samples increased considerably when the applied pressure was raised 
from 0 to 50 MPa and reached a plateau at higher pressures (150–300 
MPa). It is assumed that contact issues between the electrodes and the 
electrolyte as well as between the particles are the main cause for the 
relatively low ionic conductivities observed at lower pressures [6]. 
Therefore, ionic conductivity values around 100 MPa are used to 
compare the performance of the different electrolyte films as these are 
considered to be more reliable. It is reported that carbon electrodes 
could be used alternatively to improve contact during ionic conductivity 
measurements of solid-state electrolytes [6]. 

Samples prepared with PIB and PBMA binders show the highest ionic 
conductivities at 100 MPa, i.e. 1.24•10− 3 S cm− 1 and 1.45•10− 3 S cm− 1, 
close to the value of the pristine Li6PS5Cl material (2.14•10− 3 S cm− 1). 
Samples using SEBS and SBS show intermediate ionic conductivities 
(1.19•10− 3 and 9.97•10− 4 S cm− 1), whereas lowest ionic conductivities 
are obtained using NBR and HNBR binders (5.84•10− 4 and 5.80•10− 4 S 
cm− 1). 

The data presented in Fig. 4b show the impedance responses of the 
different samples at 100 MPa. For the pristine Li6PS5Cl material a 
slightly sloped vertical line is obtained, which can be readily fitted 
assuming an equivalent circuit of R1 + R2/Q2 + Q1; with R1, R2 
indicating the bulk and grain boundary resistances and Q1, Q2 constant 
phase elements assigned to the geometric and double layer capacitances. 
Samples with PIB, PBMA, SBS and SEBS binders show the same shape as 
the pristine material, the data is only shifted to higher ZRe values. 
Addition of a binder material to the electrolyte film reduces the effective 
electrolyte-electrolyte contact area as some parts of the electrolyte 
particles are covered with the insulating binder. Thus, higher impedance 
values are obtained for the composite layers as the tortuosity of the 
electrolyte film increases. Similar findings were reported elsewhere 
[26]. For samples using NBR and HNBR, however, an additional semi- 

Table 1 
Selected binders for processing Li6PS5Cl electrolyte films.  

Abbreviation Material Density [g cm− 3] Average Mw [g mol− 1] Tg [◦C] Product name Company 

NBR Poly(acrylonitrile-co- butadiene)  0.93  320,000 − 30 [18] Perbunan 1846F, 
Arlanxeo 

Arlanxeo 

HNBR Hydrated Poly(acrylonitrile-co- 
butadiene)  

0.96  542,000 − 30 [18] Therban LT1707, 
Arlanxeo 

Arlanxeo 

PIB Polyisobutylene  0.92  800,000 − 64 (from data sheet) OPPANOL N80, BASF BASF 
PBMA Poly(butyl methacrylate)  1.07  211,000 20 [19] Sigma Aldrich Sigma Aldrich 
SBS Poly(styrene-butadiene-styrene)  0.94  169,000 − 25/77 [20] Sigma Aldrich Sigma Aldrich 
SEBS Poly(styrene-ethylene-butadiene-styrene)  0.91  89,000 − 44/90 [21] Sigma Aldrich Sigma Aldrich  
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circle is observed in the Nyquist plots, indicating an additional contri-
bution to the overall impedance of the electrolyte films, which leads to 
far lower ionic conductivities obtained for samples using these binders. 
Nevertheless, a recent study showed that stable cycling of NMC811 cells 
is still possible, even with electrolyte films incorporating 3 wt% of NBR 
[27]. 

3.2.1. SEM micrographs 
SEM micrographs of all samples were recorded, see Figs. S4–S9. 

Cross-sections and surface morphologies are shown for the as-cast films 
(i.e. right after drying of the films), and after densification at 300 MPa 
for 5 min. All films show thicknesses of around 200–150 μm after casting 
and around 120–90 μm after densification. Large particles stretch almost 
along the entire thickness of the electrolyte films for some samples, 
limiting the minimum thickness of the prepared films to around 100 μm. 

Fig. 1. Ionic conductivity vs. pressure plots of electrolyte films using different binder materials. Black dots show data obtained from densified films, whereas circles 
show data obtained from densified powdered films. 
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In order to prepare even thinner samples, the Li6PS5Cl material needs to 
be crushed by e.g. ball-milling to reduce particle size. However, it is 
reported that such mechanical treatment can have a negative effect on 
the specific ionic conductivity of the material [7]. 

The top side of the films shows rough surfaces, whereas the substrate 
sides are smooth and pores are readily visible. After densification, 
however, most of the pores are absent and dense electrolyte layers are 
obtained. For samples using different binder materials, the obtained 
porosities of the non-densified films were quite different. For PBMA and 
SBS containing samples, only low numbers of pores were visible in the 
SEM micrographs compared to the other samples. During drying of the 
cast electrolyte films, the used solvent evaporates and leaves pores 

inside the remaining material. Depending on the amount of solvent used 
for the electrolyte slurries (i.e. the solid content) a higher or lower de-
gree of porosity can be expected. For longer polymer chains (higher 
Mwavg.) and materials with a high thickening effect, only low solid 
contents can be achieved, whereas for shorter chains and materials with 
a low thickening effect, higher solid contents are achievable and thus 
low porosity films can be prepared. 

To further demonstrate the relation between the solid content of the 
prepared slurries and the porosity of the cast electrolyte films, densities 
of the as-cast samples were determined. Circular shapes of 16 mm 
diameter were cut from the films and the thickness was measured using a 
micrometer screw gauge. Then the weight of each sample piece was 
measured, and the densities calculated accordingly. These were 
compared with the solid content of the slurries used for casting. The 
results are summarized in Fig. 5. A direct relation between the two 
properties is readily apparent. PBMA and SBS did not significantly in-
crease the viscosity of the electrolyte slurries and thus high solid con-
tents had to be used for slurry preparation. In contrast, HNBR and PIB 
showed strong thickening effects and thus only low solid contents could 
be used. The resulting films of electrolyte slurries using high solid con-
tents also show low porosities and densities close to the value of pristine 
Li6PS5Cl, i.e. 1.64 g cm− 3 [28], even without densification of the films. 
In contrast, films prepared using slurries with low solid contents resulted 
in films with high porosity and thus low densities. After densification by 

Fig. 2. Schematic outline of densification process of electrolyte films and 
powdered samples. 

Fig. 3. As-cast electrolyte film prepared using HNBR as binder material. a, SEM micrograph of top surface of as-cast electrolyte; b, SEM micrograph of top surface of 
densified electrolyte; c, optical images of the as cast film (top), densified film (middle), and densified powder pellet (bottom). 

Fig. 4. a, ionic conductivity vs. pressure plots of samples using different binder materials; b, corresponding PEIS signals obtained at 100 MPa (open symbols indicate 
frequencies – every decade). 
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uniaxial pressing of the sample films, though, densities close the theo-
retical one were found for all samples. 

3.3. Mechanical stability of electrolyte films 

For industrially relevant production technologies, like roll-to-roll 
processes or die cutting, the mechanical flexibility and coherence of 
the films are of significant importance. Therefore, the mechanical sta-
bility of the electrolyte films incorporating different binder materials 
was evaluated using Mandrel bend testing. The cast films were bent over 
PTFE cylinders with different radii R and the maximum applied strain on 
the surface of the films calculated according to ε = df+dsub

2R [29], where df 
and dsub are the thicknesses of the films and substrates, respectively. 

The results are summarized in Table 2 and Figs. S10–S15. 
The electrolyte films using NBR, HNBR and PIB did not break during 

the measurements. They showed good flexibility and low stiffness, easily 
sustaining strains around 3 %. Films prepared using SBS and SEBS 
showed similar behavior up to strains of 2–2.5 %. However, after 
bending the films around the 3.25 mm cylinder, strains of 2.69 % and 
3.99 % were applied, which resulted in breakdown of the films. The 
highest stiffness and least flexibility were observed for the sample using 
PBMA as binder. The film could not sustain strains of around 0.86 % and 
broke along the whole film width. The glass transition temperatures for 
the different binder materials seem to be a good indicator for the 
resulting flexibility of the electrolyte films. NBR, HNBR and PIB have 
low Tg values of < − 30 ◦C. Due to the high mobility of the polymer 
chains at room temperature, the electrolyte films using these materials 
as binder show high flexibility. In contrast, PBMA with Tg lying at 
around 20 ◦C, the polymer chains are rather stiff, and their mobility is 
limited. Therefore, the resulting electrolyte film is stiff as well, showing 
only low flexibility. For SBS and SEBS, intermediate flexibility was 
observed. Both of these binders are composed of two immiscible do-
mains with high and low Tg values [20,21]. Thus, overall medium 
flexibility is observed for electrolyte films using these binders. 

Some differences in the adhesion of the electrolyte films on the PTFE 
substrate as well as in the cohesion of the films were also observed, 
although not quantified. It seems that samples using NBR, and PBMA 
had low adhesive strength on the PTFE substrate, and high cohesion. 
Therefore, lifting off the films from the substrate did not cause any 

problems. Samples with HNBR, SBS, and SEBS adhered more strongly to 
the substrate and showed lower cohesion compared to the sample using 
e.g. NBR. Thus, they had to be carefully removed from the substrate to 
avoid any tearing or cracking by detaching them step by step from the 
PTFE substrate using a scalpel. The sample using PIB adhered the 
strongest and showed the lowest cohesion. Consequently, removal from 
the substrate was only possible by scratching/scraping the film off the 
substrate. During this procedure, tearing and cracking of the film could 
not be avoided. 

3.4. Binder composites 

The properties of the Li6PS5Cl electrolyte films using different binder 
materials are summarized in Table 3. It can be seen that none of the 
prepared electrolyte films show both high ionic conductivity combined 
with good mechanical performance and processability. Films prepared 
using NBR and HNBR are highly flexible with good processability. 
However, an additional contribution to electrolyte impedance could be 
observed, reducing the ionic conductivities to low values of around 
5•10− 4 S cm− 1. Furthermore, both binders lead to rather high viscosities 
of the electrolyte slurries and thus relatively low solid contents can be 
achieved. Consequently, high initial porosities are obtained for the 
prepared electrolyte films. For films prepared using PIB, high ionic 
conductivities and high flexibility can be achieved. Nevertheless, strong 
adhesion to the substrate and low cohesion renders handling of the films 
difficult. Similarly, to NBR and HNBR, PIB increases the viscosity of the 
electrolyte slurry significantly and thus only low solid contents can be 
realized. PBMA yields highly ionic conductive films, which are rather 
stiff and easily crack during cutting or bending. Nevertheless, high solid 
contents are possible due to the low thickening effect of PBMA in p- 
xylene, and thus low initial porosities can be obtained. SBS and SEBS 
perform similarly and yield balanced properties. The ionic conductiv-
ities are not as high as for films using PIB and PBMA and not as low as for 
NBR and HNBR. The mechanical flexibility is sufficient for properly 
handling the films, but not as high as for NBR, HNBR and PIB. The 
cohesive and adhesive properties are also acceptable, and handling of 
the films seems adequate for processing. 

In order to balance the ionic conductivities with the mechanical 
properties of the electrolyte films, binder composites were considered. 

Fig. 5. Densities (dark bars) of as-cast electrolyte films and solid contents (light bars) of the corresponding slurries using different binder materials.  

Table 2 
Results of Mandrel bend testing of electrolyte films using different binder materials. The applied strain ε is calculated from the film and substrate thicknesses df and dsub. 
Mechanical film failure is indicated by bold numbers.  

Mandrel radius [mm] 76.20 25.07 15.40 10.30 7.51 5.10 3.25 

Binder df [μm] dsub [μm] Strain [%] 

NBR  148  50  0.13  0.39  0.64  0.95  1.30  1.90  2.96 
HNBR  129  50  0.12  0.36  0.58  0.86  1.18  1.72  2.68 
PIB  158  50  0.14  0.41  0.67  1.00  1.37  2.00  3.10 
PBMA  129  50  0.12  0.36  0.58  0.86    
SBS  130  50  0.12  0.36  0.58  0.87  1.18  1.73  2.69 
SEBS  220  50  0.18  0.54  0.87  1.29  1.77  2.58  3.99  

A. Tron et al.                                                                                                                                                                                                                                    



Journal of Energy Storage 66 (2023) 107480

7

The binder yielding the best mechanical performance, NBR, was mixed 
with the two binders showing the highest ionic conductivities, PIB/ 
PBMA, at different ratios. Furthermore, PIB and PBMA were also mixed 
to maintain high ionic conductivities and compensate for the stiffness of 
PBMA and the high adhesion on the substrate as well as the low cohesion 
of PIB. Ionic conductivity measurements were conducted in the same 
way as for the single-binder samples and are presented in Fig. 6. 
Furthermore, the flexibility of the films was tested by Mandrel bend test. 
The results are summarized in Table 4. 

Addition of PBMA to electrolyte films using NBR binder increased the 
achievable ionic conductivities. Conductivity values of 7.62•10− 4 S 
cm− 1 and 9.88•10− 4 S cm− 1 were obtained for binder ratios of PBMA: 
NBR = 1:2 and 2:1 (vol./vol.), respectively. On the other hand, the 
mechanical stability decreased. At a PBMA:NBR ratio of 1:2, the elec-
trolyte film can endure >3.5 % of strain, whereas the film using a ratio of 
2:1 broke down at strains of 1.8 %. 

For PIB + NBR blends, the ionic conductivity did not change much 
upon addition of low amounts of PIB in a PIB:NBR ratio of 1:2. Only 
addition of more PIB (PIB:NBR = 2:1) increased the ionic conductivities 
significantly to values of 7.41•10− 4 S cm− 1. Good flexibility was ob-
tained for both ratios - they easily sustain strains of around 3 % without 
cracking. Nevertheless, some issues regarding the removal of the films 
from the substrate remained. It was only possible to remove the sample 
using a binder ratio of PIB:NBR = 1:2 without any tearing. For the 
sample using a higher amount of PIB, i.e. PIB:NBR = 2:1, the electrolyte 
film adhered too strongly to the substrate and similarly to the sample 
using only PIB, the electrolyte film could only be removed by scraping 
with a scalpel. 

For the PIB + PBMA blends, no significant difference in the ionic 
conductivities could be observed for the different blend ratios. This is to 
be expected from the similar ionic conductivities obtained for films 
using either of the two binder materials. However, the flexibility of the 
films could be improved compared to films using only PBMA. Films 
using a binder ratio of PIB:PBMA = 1:2 broke down at a strain of 2.64 %, 
whereas films using a higher amount of PIB (PIB:PBMA = 2:1) did not 
show any mechanical failure during testing. Hence, a ratio of PIB:PBMA 
of 2:1 seems preferable. Thus, it seems that PIB is more potent in 

reducing crack formation when mixed with PBMA compared to NBR +
PBMA blends. In contrast, though, electrolyte films including NBR can 
be removed from the substrate more easily and showed better cohesive 
properties. 

4. Discussion 

The selection of a suitable binder material for sulfide-based elec-
trolytes has been done mainly on a trial-and-error base up until now. 
Thus, a variety of different polymers have been identified as potential 
binders for preparation of electrolyte films. In many cases, however, one 
material cannot meet all the requirements for obtaining both mechani-
cally strong and highly ionically conductive films. Therefore, combi-
nations of two and more binders will be necessary to further optimize 
the preparation of sulfide-based electrolyte films. In order to enable a 
more efficient selection of different binder materials, some consider-
ations about the relation between the physico-chemical properties of the 
investigated materials in this work and the resulting electrochemical 
and mechanical properties of the prepared films are given in the 
following below. Nevertheless, more detailed investigations on the 
different considerations are proposed as they have important implica-
tions not only for processing of electrolyte films but also for composite 
electrodes. 

The selected polymers in this work can be classified into three 
different groups. NBR and HNBR are random co-polymers, PIB and 
PBMA are homopolymers, whereas SBS and SEBS are block-co-polymers. 

The glass transition temperatures and thus the mobility of the 
polymeric chains is quite different for the different materials (cf. 
Table 1). NBR, HNBR and PIB show low Tg values in the range between 
− 30 ◦C and − 64 ◦C, whereas PBMA shows values of >20 ◦C [19,30]. 
Both high and low Tg values can be found for the different blocks of the 
block-co-polymers, showing values of − 25 ◦C to − 44 ◦C for the butadiene 
blocks and 77 to 90 ◦C for the styrene blocks, respectively. The blocks in 
SBS and SEBS are immiscible, and two domains are formed within the 
polymer matrix. The hard polystyrene blocks accumulate and form do-
mains within a “soft” polybutadiene rubber matrix [17,31]. Therefore, 
two values for Tg are given in Table 1 to account for the different 

Table 3 
Properties of Li6PS5Cl films as determined in this study. Additionally, the solid contents of the slurries used for casting are given.  

Binder Adhesion to PTFE 
substrate 

Flexibilty of 
film 

Cohesive 
properties 

Solid content of slurry [wt 
%] 

Porosity of as-cast films 
[%] 

Ionic conductivity at 100 MPa [S 
cm− 1] 

NBR Low High High  66  31 5.84•10− 4 

HNBR Low High High  56  45 5.80•10− 4 

PIB High High Very low  60  43 1.24•10− 3 

PBMA Very low Very low Low  73  6 1.45•10− 3 

SBS Low Medium Medium  77  20 9.97•10− 4 

SEBS Medium Medium Medium  66  42 1.19•10− 3  

Fig. 6. Pressure dependence of ionic conductivity of different electrolyte films using of binder material blends. a, NBR and PBMA; b, NBR and PIB; c, PIB and PBMA 
(ratios are given in vol. fraction). 
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behavior of the different domains. The mobility of the polymeric chains 
for the different binders seem to directly influence the mechanical 
properties of cast electrolyte films. Samples using binders with low Tg 
values (NBR, HNBR, and PIB) showed good flexibility, whereas samples 
using binders with high Tg (PBMA) showed brittle behavior. Further-
more, samples using SBS and SEBS, which exhibit domains with high 
and low Tg, show intermediate flexibilities. Thus, the Tg value of binder 
materials can be used as a good indicator for the resulting flexibility of 
the prepared electrolyte films. 

Apart from Tg, the polarity and dielectric constant of the respective 
binders are also important parameters for processing. Binder materials 
with high polarity are expected to have a stronger interaction with the 
electrolyte particles and can more effectively avoid agglomeration by 
flocculation than materials with low polarity. The polarities of the 
binder materials selected for this work are indicated by the polar 
contribution to the Hansen solubility parameters (cf. Table 5). Polymer 
binders with polar groups like NBR and HNBR are assumed to form a 
thin insulating layer around the electrolyte particles, thus leading to an 
additional contribution in the impedance response. In case of binders 
with lower polarity like PIB and SBS, electrolyte agglomeration is more 
probable, and the binder is more likely to remain in between the ag-
glomerates. Thus, ionically conducting percolation paths are less likely 
to be interrupted by the binder, resulting in higher ionic conductivities. 
Similar findings were recently discussed in [33]. 

For PBMA, which shows similar polarities as HNBR, this trend is not 
observed and no additional contribution to the impedance can be found. 
To explain this observation, the polymer-solvent interaction needs to be 
considered. For all binders, p-xylene was used as solvent. The polymer 
conformation of the dissolved materials heavily depends on the selected 
solvents. For NBR, HNBR, and PIB a highly viscous solution was ob-
tained after dissolution in p-xylene, indicating a stretched conformation 
for the polymeric chains. In contrast, dissolution of PBMA in p-xylene 
did not significantly increase the viscosity of the solution, indicating a 
coiled conformation of the polymer. Consequently, less area can be 
covered for the coiled PBMA polymer chains compared to the stretched 
NBR chains. Therefore, percolation of the electrolyte particles in the cast 
films is less inhibited by PBMA, leading to higher ionic conductivities 
compared to NBR. Furthermore, the large n-butyl side chain of PBMA 
restricts the movement of the dissolved polymer [32], promoting coiled 
configurations. 

Summarizing, one can conclude that due to the relatively high 

polarity of NBR/HNBR as well as high flexibility of the polymer chains 
(low Tg) and stretched conformation within the selected p-xylene sol-
vent the electrolyte particles in the prepared films are completely 
covered with a thin insulating polymer layer. This results not only in an 
additional contribution to the impedance response, but also in good 
flexibility and high cohesion of the prepared electrolyte films. 

PIB shows similar properties as NBR/HNBR, however, its lower po-
larity values seem to reduce the interaction of the binder with the 
electrolyte particles. Thus, agglomeration of electrolyte particles is 
increased, and the binder remains in gaps and pores of the prepared 
films. Consequently, high ionic conductivities but low cohesion of the 
prepared films is observed. 

For PBMA, the restricted mobility of the molecular chains due to the 
bulky n-butyl side group and poor compatibility with the selected sol-
vent promote a coiled configuration of the dissolved polymer. Thus, less 
area can be covered with the same amount of material, leading to un-
disturbed percolation networks of the electrolyte particles. The high Tg 
value, however, leads to brittleness in the processed films. 

For SBS and SEBS, the two immiscible blocks of the polymer chains 
behave quite differently, indicated by the large difference of their 
respective Tg values. Therefore, the properties of the prepared films 
using these binders show intermediate ionic conductivity as well as 
mechanical stability. 

To verify these assumptions, a more rigorous study needs to be 
conducted. This should include the influence of the different binders on 
the microstructure and especially the porosity of the films to enable a 
full understanding of the interaction of the binder with the sulfide 
electrolyte. Due to the complexity of such measurements (cf. [35]), 
though, this is outside the scope of this work. Furthermore, the tem-
perature dependency of the mechanical properties of the selected 
binders should be investigated by dynamic mechanical analysis to 
enable optimization of processing parameters for warm calendering/ 
pressing of the electrolyte films. 

Nevertheless, a more fundamental understanding of the binder- 
electrolyte interaction is assumed to significantly promote the devel-
opment of all-solid-state batteries using sulfide-electrolytes. 

5. Conclusion 

Six different binder materials, NBR, HNBR, PIB, PBMA, SBS, and 
SEBS, were compared for their suitability to act as binders for Li6PS5Cl. 
The prepared electrolyte films showed different ionic conductivities and 
mechanical properties. NBR and HNBR binders yield an additional 
contribution to the impedance of the electrolyte films, and overall lower 
ionic conductivities were observed compared to samples prepared with 
the other selected binders. On the other hand, good film flexibility, high 
cohesion and low adhesion to the PTFE substrate rendered electrolyte 
films prepared with these materials as the mechanically best performing 
ones. In contrast, electrolyte films prepared with PIB and PBMA showed 
the highest ionic conductivities close to that of the pristine Li6PS5Cl. For 
PIB, however, the strong adhesion to the substrate, as well as the low 
cohesion of the films rendered further processing as freestanding films 
difficult and it was only possible to scrape the films off the substrate, 

Table 4 
Results of Mandrel bend testing of electrolyte films using binder material blends. The applied strain ε is calculated from the film and substrate thicknesses df and dsub. 
Film failure is indicated by bold numbers.  

Mandrel radius [mm] 76.20 25.07 15.40 10.30 7.51 5.10 3.25 

Binder df [μm] dsub [μm] Strain [%] 

PIB:NBR = 2:1  148  50  0.11  0.35  0.56  0.84  1.15  1.69  2.62 
PIB:NBR = 1:2  129  50  0.13  0.38  0.62  0.93  1.27  1.86  2.88 
PBMA:NBR = 2:1  137  50  0.12  0.37  0.60  0.90  1.23  1.80  – 
PBMA:NBR = 1:2  188  50  0.16  0.47  0.77  1.14  1.56  2.28  3.53 
PIB:PBMA = 2:1  106  50  0.10  0.31  0.50  0.75  1.03  1.51  2.34 
PIB:PBMA = 1:2  126  50  0.12  0.35  0.57  0.85  1.16  1.70  2.64  

Table 5 
Hansen solubility parameter of selected polymer binders [30] and p-xylene 
solvent [34].  

Polymer Hansen solubility parameter  

δD δP δH 

NBR 17.2 8.6 4.3 
HNBR 18.4 6.0 4.5 
PIB 16.4–16.9 1.7–2.5 4.0–4.7 
PBMA 16.0–18.3 4.9–6.2 6.3–6.6 
SBS 17.4 1.1 2.6 
p-xylene 17.4 1.0 3.1  
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leading to cracks and tears. For electrolyte films using PBMA, lifting the 
film off the substrate was easy due to the low adhesion on the substrate 
and acceptable cohesion, nevertheless, poor flexibility of the film made 
it quite brittle and proper cutting of the film was difficult. Electrolyte 
films using SBS and SEBS showed intermediate performance with ionic 
conductivities and mechanical properties lying between the ones of 
films prepared by NBR/HNBR and PIB/PBMA. To compensate for the 
limitations of single binder systems, binder blends offer a promising 
method to balance the mechanical and electrochemical performance of 
electrolyte films. 
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