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Ion-conductive vs. non-ion-conductive ceramic fillers in silane-
linked polyethylene oxide-based composite polymer electrolytes 
with high room-temperature ionic conductivity
Eun Ju Jeon,a,b,c Sharif Haidar,a,b,c Laura Helmers,a,b Arno Kwadea,b,c and Georg Garnweitnera,b,c,*

Polyethylene oxide (PEO)-based polymer electrolytes, despite their cost-effectiveness and ease of processing, suffer from 
low ionic conductivity at lower temperatures due to the semi-crystalline nature of PEO. Incorporating ceramic filler particles 
into the polymer matrix offers a potential solution by disrupting its rigid crystalline structure, thereby improving the 
flexibility of the polymer chains. However, the Li ion conduction pathway within these composite polymer electrolytes (CPEs) 
remains predominantly within the polymer matrix if the filler particles are only physically mixed. The surface modification 
of filler particles can improve the interfacial compatibility and ionic conductivity. In this work, two types of filler particles, 
passive ZrO2 and active Li7La3Zr2O12 (LLZO), are compared and incorporated into PEO-polyethylene glycol (PEG)-lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) CPEs. The surface of the filler particles is functionalized with a silane ligand ((3-
glycidyloxypropyl)trimethoxysilane (GPTMS)) prior to their integration into the PEO matrix. This modifies the interfacial 
properties between the polymer and the filler particles, hence influencing the ionic conductivity. The functionalized ZrO2 
fillers enhance the ionic conductivity of the CPEs by reducing the crystallinity of PEO. The PEO-PEG-LiTFSI CPE with 15 vol.% 
of GPTMS-ZrO2 achieved an ionic conductivity of 6.66∙10-4 S cm-1 at 20 °C, which is significantly higher than that of the 
standard PEO-LiTFSI (9.26∙10-6 S cm-1). Additionally, coupling GPTMS to PEO chains without the introduction of filler particles 
also improved the ionic conductivity, while the incorporation of functionalized LLZO fillers does not, which is attributed to a 
LiCO3 passivation layer. The results suggest a viable strategy to overcome the inherent limitations of PEO electrolyte, thus 
offering valuable insights into the design and optimization of CPEs for practical applications.

Introduction

All-solid-state batteries (ASSBs) are regarded as highly 
promising for energy storage in a multitude of applications due 
to their high energy density and improved safety resulting from 
the utilization of solid electrolytes (SEs).1–4 Their advantages 
include (1) the absence of volatile and flammable organic liquid 
electrolytes, (2) a high potential to suppress Li dendrites, and 
(3) the possibility of using high-voltage cathodes.5,6 One 
promising class are solid polymer electrolytes (SPEs), which are 
favorable due to their broad availability, low cost, and good 
processability. However, several critical challenges limit the 
practical use of SPEs, such as (1) low ionic conductivity at room 
temperature (RT) compared to liquid electrolytes, (2) significant 
interfacial resistance at the electrolyte/active material 
interface, and (3) poor electrochemical compatibility with 

certain active materials such as Li metal anodes and high-
voltage cathodes.7 Among SPEs, polyethylene oxide-lithium 
bis(trifluoromethanesulfonyl)imide (PEO-LiTFSI)-based solid  
electrolytes have been extensively investigated since the 
1970s.8–10 They have a favorable Li salt dissociation ability and 
electrochemical stability towards Li metal anodes.11–15 In 
addition, PEO is inexpensive and easy to process due to its high 
flexibility, and its strong adhesion property allows good 
interfacial contact with the electrodes. Despite these 
advantages, PEO electrolytes suffer from low ionic conductivity 
at RT (about 10-7 S cm-1) due to its high intrinsic crystallinity at 
low temperatures.16–18 To mitigate this problem, several 
strategies such as the incorporation of filler particles19–22 and 
polymer structure engineering, including cross-linking19,23,24 and 
copolymerization,25,26 have been suggested. 
Thereby, the firstly mentioned strategy has been widely studied 
since the 1980s. The resulting composite polymer electrolytes 
(CPEs) containing different types of filler particles were shown 
to possess improved ionic conductivity and mechanical strength 
while maintaining good flexibility.27–31 The incorporated fillers 
change the structure of the polymer phase, and thus reduce the 
crystallinity of the polymer, increasing the ionic conductivity. 
They promote Lewis acid-base interactions between fillers and 
the polymer matrix, helping to separate immobilized Li ions 
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from a large Li cluster bound to the ethylene oxide group of the 
polymer.32–37 The fillers can be distinguished into two types, 
namely passive and active fillers, depending on the presence of 
Li ions in their composition. The applied passive fillers such as 
Al2O3, SiO2, MgO, and ZrO2 particles improve the ionic 
conductivity by affecting the crystallinity of PEO and increasing 
the salt dissociation. Active fillers from oxide ceramics such as 
garnet-type Li7La3Zr2O12 (LLZO), NaSiCON 
Li1+xAlxTi2−x(PO4)3  (LATP), Li1+xAlxGe2−x(PO4)3 (LAGP), and sulfides 
have been incorporated into the polymer matrix of PEO to 
obtain CPEs.38–41 In particular, LLZO in its cubic phase is 
considered as one of the most promising SEs due to its high ionic 
conductivity (up to 1 mS cm-1 at RT), good chemical stability, and 
a wide electrochemical stability window of 0 - 6 V vs. Li+/Li.42,43 
A practical application of ceramic LLZO SEs in batteries is 
challenging due to their intrinsic nature of brittleness, leading 
to difficulty in processing.4,44 Also, Li dendrite penetration may 
occur following the defects and grain boundaries of LLZO, 
leading to a localized current with battery failure.45,46 When 
LLZO particles are employed as active fillers in the polymer 
matrix, better interfacial contact to the electrodes and strongly 
improved processability are reached compared to the purely 
ceramic SE. Fu et al. showed that 20 wt.% of LLZO nanofibers in 
PEO-based CPEs led to high ionic conductivity of 2.5·10-4 S cm-1 
at RT, which was enabled by Li ion conducting channels formed 
by the LLZO fibers in the PEO matrix.47 The CPEs showed 
electrochemical stability up to 6 V vs. Li+/Li. Li et al. introduced 
a CPE with 16 vol.% Ga-doped LLZO in PEO exhibiting an ionic 
conductivity of 7.2·10-5 S cm-1, a Li transference number of 0.39, 
being electrochemically stable up to 4.6 V vs. Li+/Li.48 These 
examples suggest that positive results can be achieved by 
combining the two solid electrolyte classes. However, the 
addition of LLZO does not always guarantee an increase in ionic 
conductivity. Some studies described that the LLZO fillers did 
not significantly improve the ion transport properties.49,50 Most 
of the reported ionic conductivity values are in the limited range 
of 10-6 to 10-4 S cm-1 at RT.50 Nonetheless, active fillers are 
expected to have a stronger impact on the ionic conductivity of 
CPEs compared to passive fillers due to the presence of Li ions 
in their structures.51

The ion transport in CPEs consisting of a polymer matrix filled 
with inorganic particles is a complex process, and needs to be 
further understood for its rational improvement.48,52 The 
transport mechanism varies based on the properties, 
dimensions, and content of the polymer and fillers, as well as 
their interfacial properties.28 The potential Li-ion pathways in 
passive-filler CPEs have been postulated as two-fold: (1) 
through the polar segmental movement of the PEO chains 
within the amorphous region, and (2) via the interphase 
between the PEO and passive filler, known as the space charge 
region (SCR).48 In the alternative case of CPEs with active fillers, 
Li ions can migrate via three pathways: (1) through the PEO, (2) 
through the polymer-ceramic interphase (SCR), and (3) directly 
through the ceramic filler particles.38,53 The third mechanism 

can only occur if a percolation network of the filler particles 
exists. However, achieving such a network is challenging, and is 
only possible for high filler contents. As a result, this pathway is 
rarely observed.54 Instead, lithium ion transport is 
predominantly effected through the polymer matrix and the 
polymer-ceramic interphase. Figure 1 shows these transport 
pathways, including the fast Li transport path along the SCR of 
the filler particles. 
Hence, in CPEs with both active and passive fillers, the 
interphase between the filler particles and the polymer plays a 
significant role regarding the electrochemical performance. The 
two phases should be chemically and physically compatible and 
have a low interfacial resistance. The surface of ceramic 
particles can be modified by chemical reactions with functional 
ligands to enable covalent coupling to the polymer, improving 
their interfacial compatibility.55–57 This surface modification 
stabilizes the ceramic particles against agglomeration and thus 
enhances a homogeneous distribution. The functional ligands 
can also act as a buffer to prevent direct contact of the LLZO 
particles with the Li metal anode. The direct LLZO/Li contact 
leads to voltage instabilities during battery cycling. Table 1 and 
Table S1 (ESI) list a number of previous studies on PEO-based 
CPEs with silane functional ligands attached to the surface of 
filler particles/fibers, including their respective electrochemical 
performance as reported. For example, a decrease in interfacial 
resistance of PEO CPEs from 5 MΩ cm2 to 500 Ω cm2 was 
achieved by the functionalization of LLZTO particles with (3-
glycidyloxypropyl)trimethoxysilane (GPTMS).55 Hence, the 
functionalization of ceramic particles in the PEO matrix can 
effectively improve the ionic conductivity and overall 
performance of CPEs.

Figure 1.  Illustration of the three proposed main mechanisms of Li 
ion migration through a composite polymer electrolyte (CPE) 
composed of a polymer matrix and ceramic filler particles.
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Table 1.  Characteristics of functionalized LLZO filler-containing PEO-based CPEs from the literature.

Polymer-salt Filler and filler 
content in the CPE

Silane agent and its 
content on 
functionalized LLZO

Ionic 
conductivity Ea 

Cycling 
performance Ref

PEO-LiTFSI 30 wt.% of LLZTO (3-glycidyloxypropyl)-
trimethoxysilane

9.0·10-3 S cm-1 

at 20 °C - - 55

PEO-LiTFSI

(EO:Li 12:1)

7.5 wt.% of
Al-LLZO (porous 
scaffold)

Ca-coordinated 
Dynasylan IMEO 
(triethoxy-3-(2-
imidazolin-1-yl)- 
propylsilane

6.38·10-4 S cm-1 
at 25 °C 0.029 eV

Initial discharge 
capacity: 130.2 
mAh g-1 at 0.1 C 
at 25 °C 
NCM622/CPE/Li 
metal

58

PEO-LiTFSI

(EO:Li 16:1)

10 wt.% of LLZO 
nanofibers

Dynasylan IMEO 
(triethoxy-3-(2-
imidazolin-1-yl)- 
propylsilane and Ca2+

5.44·10-5 S cm-1 

at 30 °C 0.17 eV

Initial discharge 
capacity: 144.3 
mAh g-1 at 60 and 
0.5 C 
LFP/CPE/Li metal

59

PEO-LiTFSI

(EO:Li 12:1)

20 wt.% of Ta-LLZO 
nanoparticles
(500 nm)

2 wt.% of 
3-aminopropyl-
triethoxysilane

7.29·10-5 S cm-1 
at 25 °C -

Initial discharge 
capacity: 155 
mAh g-1 at 60 °C 
and 0.1 C
LFP/CPE/Li metal

60

PEO-LiTFSI + PEGMA-
LiTFSI 
(In-situ polymerized on 
the PEO-LLZO scaffold)

8 wt.% of LLZO 
particles

8 wt.% of 
3-(trimethoxysilyl)-
propyl methacrylate

1.78·10-4 S cm-1 

at 60 °C -

Initial discharge 
capacity: 169 
mAh g-1 at 0.1 C 
and 60 °C
LFP/CPE/Li metal

61

PEO-Succinonitrile-
LiTFSI

(EO:Li 32:1 & SN:Li 4:1)

10 wt.% of LLZTO 
nanoparticles
(3D PAN-APTS-LLZTO 
nanofiber framework)

(3-aminopropyl)-
triethoxysilane

1.58·10-4 S cm-1 
at 25 °C -

Initial discharge 
capacity: 173.63 
mAh g-1 at 0.1 C 
and 60 °C
NCM811/CPE/Li 
metal

62

PEO-LiTFSI

(EO:Li 14:1)

10 vol.-% of LATP 
particles Chlorotris-

(trimethylsilyl)silane
4.8·10-5 S cm-1 
at 20 °C - - 22

In this study, we examine the impact of different filler types (active 
and passive fillers) on the ionic conductivity of PEO-PEG-LiTFSI-based 
CPEs. Thereby, high-molecular weight PEO is combined with short-
chain PEG (when the molecular weight of PEO is less than 20,000 g 
mol-1, it is commonly referred to as PEG) to provide more –OH 
groups, offering faster Li transport than only long-chain PEO.63,64 
LLZO and ZrO2 particles, which both possess Zr-O surface groups and 
comparable physical properties, notably with similar particle 
diameters (D50,LLZO = 1.2 μm and D50,ZrO2  = 1 μm), were selected for 
the comparison. To enhance their compatibility with the polymer 
and to reduce interfacial resistance, the surface of these filler 
particles was modified with (3-glycidyloxypropyl)trimethoxysilane 
(GPTMS) ligands. Additionally, we explored CPEs without fillers, 
where the GPTMS ligand is directly bound to the PEO-PEG chains. By 
adjusting the concentrations of fillers and GPTMS ligands in the CPEs, 
the aim of this work is to develop electrolytes with superior ionic 

conductivity that can overcome the challenges of PEO-based 
electrolytes. What makes this study special is the careful comparison 
between PEO-PEG-LiTFSI CPEs with functionalized active fillers, 
functionalized passive fillers, and those that are filler-free but 
contain silane which is bound to the polymer chain, to further 
investigate the mechanisms of ionic transport in CPEs.

Materials and Methods
Synthesis of CPEs and processing of separator films
In this study, four different CPEs are compared: PEO-PEG-LiTFSI (in 
short, referred to as PEO SPE in the following), PEO-PEG-LiTFSI-
GPTMS (GPTMS CPE), PEO-PEG-LiTFSI-GPTMS-ZrO2 (GPTMS-ZrO2 
CPE), and PEO-PEG-LiTFSI-GPTMS-LLZO (GPTMS-LLZO CPE). A three-
step synthesis process of the CPEs was carried out: (1) silanization of 
the filler particles, (2) dispersion of the particles into a PEO-PEG-
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LiTFSI polymer mixture solution in acetonitrile by a dissolver, and (3) 
tape-casting of this dispersion using a film applicator (Figure 2). The 
filler particles, ZrO2 (D50: 1 μm, specific surface area 4.5-7.5 m2 g-1, 
Saint-Gobain) and LLZO (D50: 1.2 μm, specific surface area 2.5 m2 g-1, 
Schott AG) were functionalized with a commercially available (3-
glycidyloxypropyl)trimethoxysilane (GPTMS, Gelest) silane ligand in 
isopropanol (IPA, Thermo Fisher Scientific) via simple magnetic 
stirring for 24 h at room temperature. Different volume fractions of 
6, 10, 15, and 20% of filler particles were used, as at least 6 vol.% was 
required to obtain a processable material, and filler contents of up 
to 20% had been identified as suitable for enhancing ionic 
conductivity without significantly affecting the mechanical 
properties of CPEs.22 Volume fractions rather than weight fractions 
were used for the fillers to maintain a consistent volume of fillers 
across the CPEs, facilitating direct comparison of the effects of each 
type of filler which have different bulk density (LLZO: 4.8 g cm-3 and 
ZrO2: 5.6 g cm-3). The volume ratio between the ceramic particles and 
the GPTMS was 1:2, and of the ceramic particles to the IPA solvent 
20:80. The functionalized ZrO2 and LLZO are referred to as GPTMS-
ZrO2 and GPTMS-LLZO, respectively. Following the silanization, these 
particles were dispersed into a solution of PEO-PEG-LiTFSI in 
acetonitrile. The polymer mixture consists of two polymers, 80 wt.% 
of PEO (MW = 900,000 g mol-1, Dow) and 20 wt.% of PEG (MW: 2,000 
g mol-1, Merck). 30 wt.% LiTFSI (Solvionic) was added to the dissolved 
PEO-PEG polymer mixture ([EO]:[Li] = 14 : 1) in 93 vol.% of 
acetonitrile (Thermo Fisher Scientific). The respective ceramic 
particle dispersion and the polymer mixture were combined and 
dispersed using a dissolver (DISPERMAT LC, VMA-Getzmann GmbH) 
at 2,000 rpm for 30 min. In case of the GPTMS CPE without ceramic 
particles (PEO-PEG-LiTFSI-GPTMS), 6, 10, 15, and 20 vol.% of GPTMS 
were added to the PEO-PEG solution and the GPTMS-PEO-PEG 
mixture was dissolved in ACN with 7 vol.%. Immediately after mixing, 
the obtained coating suspension was tape-casted with three steps 
using a film applicator (Zehntner Testing Instruments, ZAA 2300). The 
casting was done at 30 °C with a coating speed of 5 mm s-1. Then the 
plate of the film application was heated to 80 °C for 10 min. After 10 
min, the resulting electrolytes were detached from the non-stick foil 
which was placed on the film applicator. 

Figure 2.   Process route of PEO-PEG-LiTFSI-based CPEs.

Thermal properties

Differential scanning calorimetry (DSC, DSC822e, Mettler Toledo) 
was used to evaluate the phase change behavior of the CPEs. The 
measurements were performed in 3 stages; in the first stage, the 
samples were heated from -80 °C to 120 °C, in the second stage the 

samples were cooled down from 120 °C to -80 °C, and in the third 
stage they were heated again from -80 °C to 120 °C with a heating 
rate of 10 °C min-1. The crystallinities (χc) of the CPEs are calculated 
using Equation (1), where ΔHm is the melting enthalpy of the 
electrolyte, ΔHPEO is the melting enthalpy of fully crystalline PEO 
(196.4 J g-1),65 and 𝑓𝑃𝐸𝑂 is the mass percentage of PEO in the CPEs. 

𝜒𝑐 =  ΔH𝑚

Δ𝐻𝑃𝐸𝑂∙𝑓𝑃𝐸𝑂
× 100%                                                       (1)

Thermogravimetric analysis (TGA, TGA/DSC1, STARe System, Mettler 
Toledo) was conducted with a heating rate of 10 °C min-1 from 30 to 
950 °C under nitrogen. 

Materials characterization

The homogeneity of the CPEs was characterized using scanning 
electron microscopy (SEM, Helios G4 CX, FEI) coupled with energy-
dispersive X-ray spectroscopy (EDX) (Octane Elite-70, EDAX). The 
chemical structure of the CPEs was analyzed using Fourier-Transform 
Infrared Spectroscopy (FT-IR, VERTEX 70, Bruker). X-ray 
photoelectron spectroscopy (XPS, Kratos Analytical Ltd.) was 
performed to further reveal the successful functionalization of the 
silane ligand on the surface of the LLZO particles. A monochromatic 
Al K X-ray source (1486.6 eV) with an emission current at 20 mA was 
used; the chamber pressure was 1.7∙10-9 Torr. The collimation mode 
was set to slot, the lens mode to hybrid, and the resolution was fixed 
at 20. Regions including C 1s, Si 2p, Li 1s, and Zr 3d were analyzed 
with a step size of 0.1 eV over 5-10 sweeps. For the analysis, data 
were processed using Casa XPS software. The obtained XPS spectra 
were charge-corrected using the reference value by shifting them to 
the difference between the adventitious C 1s peak and the value for 
adventitious carbon at 284.8 eV. To confirm the crystalline phase of 
the functionalized and non-functionalized ceramic particles as well 
as CPEs, X-ray diffraction (XRD) was performed with Cu Kα radiation 
(Empyrean Cu LEF HR goniometer, Malvern PANalytical) on a Si 
sample holder at 40 kV and 30 mA over the 2θ range of 10°-90° 
(Empyrean Series 2, PIXcel-3D detector, Malvern PANalytical). 

Electrochemical properties

Electrochemical impedance spectroscopy (EIS) was conducted using 
a potentiostat (BioLogic VSP-300). For the measurement, 
symmetrical coin cells with a copper foil | CPE | copper foil setup 
were assembled (Figure S1, ESI). The coin cells were measured in the 
frequency range from 7 MHz to 100 mHz at an amplitude of 10 mV. 
The investigations were performed at 20, 40, 60 and 80 °C in a 
climate chamber (Binder GmbH). The Nyquist plots are fitted as 
shown in Figure S2 (ESI), dependent on the obtained plots (Figure S3, 
ESI) to determine the resistance of the CPEs.
The ionic conductivity (𝜎) was determined by taking into account the 
thickness (d) and area (A) of electrolyte and the resistance (Rion) with 
the following Equation (2).

𝜎 =  𝑑
𝐴 ×𝑅𝑖𝑜𝑛

                                                                                                (2)
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Figure 3.  Illustration of the possible chemical reactions occurring during the synthesis of CPEs from the functionalization of fillers to the 
linking of PEO to the oxirane group in GPTMS.

The following Equation (3) was used to determine the activation 
energy (Ea) of the CPEs by fitting the temperature-dependent ionic 
conductivity with the Vogel-Tamman-Fulcher (VTF) model, whereby 
A is pre-exponential factor, T is temperature, and 𝑘 is the rate 
constant.

𝜎 = 𝐴exp( 𝐸𝑎

𝑘𝑇
)                                                                                        (3)

Results and Discussion
Incorporation of fillers in CPEs

In this work, the effects of the type of filler incorporated into the 
PEO-PEG matrix on the ionic conductivity of CPE films are 
investigated by the comparison of LLZO and ZrO2 filler particles. A (3-
glycidyloxypropyl)-trimethoxysilane (GPTMS) ligand was previously 
attached to the surface of the particles, as depicted in Figure 3. This 
surface treatment might lead to the formation of covalently bound 
GPTMS layers on the fillers, which, in turn, is capable of creating a 
chemical bond with the PEO matrix via the GPTMS oxirane groups. 
Such surface functionalization is expected to reduce the free volume 
between the ceramic particles and the PEO matrix, potentially 
diminishing the interfacial resistance between the ceramic and 
polymer components.22,66,67 

DSC measurement of the obtained electrolytes was performed to 
evaluate the influence of GPTMS and the fillers on the phase 
transition and the crystallinity. The DSC curves reveal that the PEO 
SPE has a glass transition temperature (Tg) of -50.7 °C, alongside an 
exothermic peak centered at -0.2 °C, indicative of polymer 
crystallization (Figure 4 (a)). The melting temperature (Tm) of PEO is 
determined as 47.9 °C. The GPTMS CPE exhibits a Tg at -63.0 °C and a 
single endothermic peak representing Tm at 40.5 °C. Both Tg and Tm 
are decreased compared to the PEO SPE, indicating that the 
presumed linkage of GPTMS to the PEO chain effectively increases 
the amorphous region of the PEO matrix. The CPEs with GPTMS-ZrO2 
show similar results to the GPTMS CPE with the Tg and Tm reduced to 
-61.3 °C and 39.1 °C, respectively. Interestingly, the GPTMS-LLZO CPE 
does not possess a significantly reduced Tg and Tm compared to the 
GPTMS CPE. The higher Tm reveals that more energy is required to 
melt the physically restricted polymer chains between the densely 
packed LLZO particles.68

Figure 4.   (a) The second heating curves of the DSC measurements 
and (b) FT-IR spectra of the PEO-LiTFSI SE, filler-free GPTMS 20% 
CPE, GPTMS-ZrO2 20% CPE, and GPTMS-LLZO 20% CPE.

In Table 2, the determined thermal properties are summarized. The 
CPEs exhibit lower Tg, Tm and χc than PEO-LiTFSI SPE, implying that 
the incorporation of fillers and GPTMS effectively decreases the 
crystallinity of the polymer. However, the crystallinity of the GPTMS-
LLZO CPE is higher than that of the filler-free GPTMS CPE. This result 
indicated that the effect of GPTMS-LLZO on the ion mobility of the 
segmental motion of polymer might be relatively weak.69
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Table 2.   Tg, Tm, ΔHm, and χc of PEO-LiTFSI SPE and GPTMS 20%, 
GPTMS-ZrO2 20%, and GPTMS-LLZO 20% CPEs from DSC results.

Solid 
electrolyte

Tg (°C) Tm (°C) ΔHm (J g-1) χc (%)

PEO-LiTFSI           
SPE

-50.7 47.9 65.9 55.8

GPTMS        
20% CPE

-63.0 40.5 31.3 43.7

GPTMS-ZrO2  

20% CPE
-61.3 39.1 15.8 37.1

GPTMS-LLZO 
20% CPE

-40.7 50.6 21.7 47.9

To further analyze the CPEs, FT-IR spectroscopy was used to identify 
their chemical structure and main functional groups (Figure 4 (b)). 
For the analysis, the PEO SPE and the GPTMS CPE containing 20 vol.% 
GPTMS, as well as the CPEs with 20 vol.% of GPTMS-ZrO2 and GPTMS-
LLZO were chosen for comparison. The peaks at 1182-1189 cm-1 and 
1134 cm-1 are attributable to CF3 stretching and SO3 stretching, 
respectively; both are characteristic peaks of LiTFSI.70 The C-O-C 
ether group at 1083-1097 cm-1 and the C-OH terminal group at 
1055 cm-1 in the PEO chains were identified in all the CPEs.71,72 To 
reveal the presence of GPTMS within the CPE, a peak around 
1090 cm-1, corresponding to the Si-O-CH3 stretching vibration of the 
methoxy group bound to Si, should be detected.73,74 If GPTMS is 
effectively bound to the particles, the methoxy group on the terminal 
group in the silane should not be detectable.75 The presence of the 
methoxy group was observed as shoulders in the spectra of the 
GPTMS CPE and the GPTMS-ZrO2 CPE, being slightly more prominent 
in GPTMS CPE. In contrast, the methoxy group band was barely 
visible in the spectrum of GPTMS-LLZO CPE, and was observed as a 
very weak shoulder in the PEO CPE spectrum. This peak, however, 
overlaps with the C-O-C band of PEO, and the small amounts of 
GPTMS compared to other components in the CPEs make it difficult 
to clearly distinguish the methoxy peak.76 Previously, the Zr-O-Si 
band at 1058 cm-1 has been taken as proof of covalent binding of 
GPTMS to LLZTO particles,55 and the shifted C-OH peak might 
indicate the presence of this band for the GPTMS-ZrO2 and GPTMS-
LLZO samples, however again due to the small amount of GPTMS a 
clear distinction is not possible. The spectrum of the GPTMS-ZrO2 CPE 
was similar to that of the GPTMS CPE, suggesting that the polymer 
did not undergo significant changes upon addition of the ZrO2 filler. 
This similarity indicates the absence of any undesirable side 
reactions. A slight change in peak intensity and a shift in the GPTMS-
ZrO2 CPE spectrum at (i) and (ii) in Figure 4 (b) might result from the 
increase in the amorphous phase of PEO upon incorporation of 
GPTMS-ZrO2. In contrast, the GPTMS-LLZO CPE spectrum significantly 
differed from the others, which can be explained by the accelerated 

hydrolysis reaction of GPTMS by the LiOH generated from the Li+/H+ 
exchange of LLZO, as an alcohol containing –OH groups was used as 
medium for LLZO particle functionalization.74 LiOH was reported to 
be deposited on the surface of LLZO and might even form a Li2CO3 
insulating layer, which deteriorates the electrochemical 
performance.22,49 
The presence of Li2CO3 on the surface of pristine LLZO particles was 
confirmed by XPS and TGA analyses, as proven by the Li2CO3 peak at 
55 eV in the XPS Li 1s spectra and the less profound ZrO2 peak in the 
Zr 3d spectra due to coverage by Li2CO3, as visible in Figure 5. 
Additionally, the TGA thermograms demonstrated that pristine LLZO 
exhibited higher weight loss compared to with acetic acid-washed  
particles and GPTMS-LLZO particles, suggesting the presence of a 
decomposable impurity such as Li2CO3 on the pristine particles, as 
shown in Figure S4 (ESI). Furthermore, the difference in weight loss 
trends between washed LLZO and GPTMS-LLZO, particularly noted at 
250 °C where washed LLZO maintained 99.5% of its weight and 
GPTMS-LLZO 98.8%, indicates the successful grafting of GPTMS silane 
ligands onto the LLZO surface. The presence of grafted GPTMS on 
PEO chain and fillers in CPEs was further confirmed by TGA 
measurements (Figure S5, ESI) to support the FT-IR results. 

Figure 5.  XPS Si 2p, Li 1s, and Zr 3d spectra of pristine (before 
functionalization), washed (acid-treated), and GPTMS-LLZO particles. 
The peak at around 53 eV in Li 1s corresponds to Zr 4s.

Impacts of active fillers, passive fillers, and silanes on the ionic 
conductivity of SPEs

High ionic conductivity (> 10-4 S cm-1) over a wide temperature range 
is an essential prerequisite for the practical application of SEs.77 First, 
the effects of GPTMS or filler concentration (6, 10, 15, and 20 vol.%) 
on the ionic conductivity of the CPEs were investigated at four 
different temperatures and compared with the PEO SPE (Figure 6). 
The PEO reference had an ionic conductivity of 9.26∙10-6 S cm-1 at 
20 °C, 1.66∙10-4 S cm-1 at 40 °C, 6.57∙10-4 S cm-1 at 60 °C, and 
1.44∙10-3 S cm-1 at 80°C. 
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Figure 6.  Ionic conductivity of 6, 10, 15, 20 vol.% of (a) GPTMS CPE, (b) GPTMS-ZrO2 CPE and (c) GPTMS-LLZO CPE measured at 20, 40, 60, 
and 80 °C in comparison of PEO SE.

The GPTMS CPEs exhibited higher ionic conductivity than the 
standard PEO SPE at all measured temperatures (Figure 6 (a)). 
Among the GPTMS CPE variants, the GPTMS 6% CPE had the lowest 
ionic conductivity of 1.02∙10-4 S cm-1. The GPTMS 10%, 15%, and 20% 
CPEs achieved similar ionic conductivities ranging from 4.15∙10-4 to 
5.1∙10-4 S cm-1 at 20 °C. Again at 80 °C, the GPTMS 6% CPE achieved 
a relatively low ionic conductivity of 3.27∙10-3 S cm-1 and the GPTMS 
CPEs with higher silane content showed similar ionic conductivities, 
reaching about 5∙10-3 S cm-1 at 80 °C. This reveals that the addition 
of GPTMS can effectively improve the ionic conductivity, which is 
unexpected, and could be advantageous of not having to deal with 
particles. 
The GPTMS-ZrO2 CPE series also exhibited substantially higher ionic 
conductivity than the PEO SPE (Figure 6 (b)). The GPTMS-ZrO2-6% 
CPE with the lowest content of GPTMS-ZrO2 particles showed an 
ionic conductivity of 6.94∙10-5 S cm-1 and 2.02∙10-3 S cm-1 at 20 °C and 
80 °C, respectively. The ionic conductivity values of GPTMS-ZrO2-10% 
CPE are similar/slightly higher to that of ZrO2-6% CPE. The GPTMS-
ZrO2-15% CPE had the highest ionic conductivity of 6.66∙10-4 S cm-1 at 
20 °C and 5.43∙10-3 S cm-1 at 80 °C. For the highest GPTMS-ZrO2 
content of 20 vol.%, the ionic conductivity decreased again to 3∙10-4 
S cm-1 at 20 °C and 2.19∙10-3 S cm-1 at 80 °C. The decrease in ionic 
conductivity can be attributed to a reduction in the content of the 
conductive PEO-PEG polymer matrix with increasing content of non-
conductive ZrO2 particles, as the more non-conductive material, the 
lower the conductivity of the composite according to the volume 
rule. Furthermore, increasing the content beyond a certain threshold 
leads to particle agglomeration, which can disrupt the conductive 
pathways through the polymer matrix and thus reduce the ionic 
conductivity. However, the ionic conductivity of these CPEs is still 
higher than that of the PEO SPE, suggesting that the particles may 
reduce the crystallinity of PEO.13

On the other hand, the GPTMS-LLZO-based CPEs exhibited 
unexpectedly low ionic conductivity which is similar or even lower 
than the reference PEO SPE (Figure 6 (c)). Whilst due to the lower 
specific surface area of the LLZO particles, less enhancement would 
be expected for smaller volume contents, a non-consistent trend is 

observed. The values of GPTMS-LLZO-6% CPE (2.83∙10-5 at 20 °C and 
1.2∙10-3 S cm-1 at 80 °C) were higher than the GPTMS-LLZO-10% and 
15% CPEs. At 15%, the GPTMS-LLZO CPE had the lowest ionic 
conductivity of 1.56∙10-6 S cm-1 and 3.32∙10-4 S cm-1 at 20 °C and 80 
°C, respectively. GPTMS-LLZO-20% showed the highest ionic 
conductivity (2.93∙10-5 S cm-1 at 20 °C and 1.27∙10-3 S cm-1 at 80 °C). 
The possible reason is that from 20 vol.% of filler particles, a 
percolation network of particles starts to exist which can slightly 
promote the ion transport through the particles. It is however also 
possible that the particles are highly agglomerated and the 
separation of PEO and LLZO is more pronounced (as indicated in SEM 
images, Figure S6, ESI; see also below), so that the pathways along 
the PEO chains are not blocked by LLZO as much as at other 
concentrations.

Overall, as shown in the direct comparison of the ionic conductivities 
at 20 °C where the PEO has a mostly crystalline structure and at 80 °C 
where the melted PEO is present (Figure 7 and Figure S7, ESI), the 
GPTMS-LLZO CPEs had the lowest ionic conductivity. This can be 
explained by the intrinsic reactivity of LLZO78 and the presence of 
Li2CO3 on the surface of the pristine LLZO particles as demonstrated 
above. This increases the resistance of CPEs79 and possibly also 
hinders the coordination of GPTMS to the particles. The 
incorporation of LLZO filler particles into the electrolyte was 
conducted without additional surface cleaning treatments such as 
acetic acid washing to remove Li2CO3. While this study focuses on the 
commonly used LLZO particles with inherent surface Li2CO3, we 
acknowledge that removing Li2CO3 could potentially improve lithium 
ion transport through the electrolyte. Previous studies have shown 
that the removal of surface impurities can significantly enhance ionic 
conductivity and improve other related properties.80,81 Therefore, an 
inert processing atmosphere, solvent-free processing, and pre-
treatment to remove surface impurities of the particles using 
tetrafluoromethane (CF4) plasma treatment or acidic solvents is 
required when handling LLZO materials.14,49 The residual Li2CO3 
impurities on the pristine LLZO particles could potentially persist 
even after silanization. Additionally, the poor ionic conductivity can 
be ascribed to the uneven distribution of high-density LLZO particles 
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Figure 7.   Characteristics of the fabricated PEO-based CPEs, and comparison to a LLZO pellet SE*, with respect to their experimental density, 
ionic conductivity at 20 °C and 80 °C, and activation energy. The material costs of the CPEs are estimated based on the literature from M. 
Balaish et al.82 Some properties of LLZO pellet SE were acquired from literature; the density: 4.8 g cm-3; ionic conductivity: 1.11∙10-4 S cm-1@ 
20 °C83 and 1.13∙10-3 S cm-1@ 80 °C;84 activation energy: 24 - 35 kJ mol-1.83

 
within the polymer matrix. Such distribution not only impedes the 
migration pathways of Li ions but may also hinder the segmental 
dynamics of PEO chains, a process depicted schematically in Figure 
8.28 If the LLZO particles were carefully dispersed in the polymer 
matrix and the filler agglomeration were negligible, the inherent an 
influence of LLZO particles on the ionic conductivity could be 
evaluated more accurately. However, achieving a homogeneous 
distribution of LLZO particles in ceramic-rich CPEs (> 4 vol.% (20 wt.%) 
LLZO content) is challenging due to the sedimentation tendencies of 
these high-density micron-sized particles.85 Some literature reports 
an improved ionic conductivity of LLZO-containing CPEs compared to 
pure SPEs,14,86 whereas other reports do not find such an 
enhancement, and even contradicting results were presented.49,87 J. 
Zagórski et al. have detected Li-ion exchange between the PEO phase 
and LLZO by 2D EXSY NMR investigation, which reveals a potential of 
LLZO for CPEs with high ionic conductivity.68 However, they found 
that this Li-ion exchange occurs only locally at the interphase of 
electrolyte/electrode with slow kinetics, and thus the absolute ionic 
conductivity of LLZO-containing PEO-based CPEs was lower than the 
filler-free PEO SPE, as the Li-ion pathway was still dominated by the 
polymer phase. In contrast, in our work, the GPTMS-ZrO2 CPEs 
exhibited higher conductivity than the PEO SPE and the GPTMS-LLZO 
CPEs, which is attributed to the relatively high stability of the ZrO2 
particles against moisture and their covalent linkage to the polymer 
network. But the ionic conductivity of GPTMS-ZrO2 CPEs was usually 
lower than that of the GPTMS CPEs. Only GPTMS-ZrO2-15% CPE 

achieved similar and slightly higher ionic conductivity than the 
corresponding GPTMS CPE. This indicates that the addition of the 
GPTMS to the PEO chain can effectively deliver improved ionic 
conductivity, which also is more cost-efficient than adding ceramic 
fillers, as shown by a material cost assessment (Figure 7). However, 
it should be noted that an increase in ionic conductivity does not 
always equate to improved battery performance, but it is necessary 
to evaluate the electrochemical performance of electrolytes more 
extensively.
The activation energy (Ea) is another critical parameter in analyzing 
ion mobility; a lower Ea is preferable because it indicates less energy 
is required to initiate the ion movement, contributing to higher 
overall battery efficiency and potentially faster charging. Especially 
for evaluating PEO-based CPEs, whose ionic conductivity is typically 
temperature-dependent, Ea can be useful to estimate whether the Li 
transport is dominated by the segmental motion of PEO or by other 
mechanisms. The GPTMS-ZrO2-15% and 20% CPEs featured the 
lowest Ea, suggesting that high loading of ZrO2 particles of over 
15 vol.% can reduce the crystallinity of PEO. The LLZO-containing 
CPEs exhibited high Ea, indicating that ion mobility is restricted. We 
postulate that the PEO chains are physically trapped between LLZO 
particles, resulting in denser PEO networks with confined chain 
mobility, thus limiting ion mobility.88 GPTMS-20% CPE showed low Ea 
(29.31 kJ mol-1), suggesting that this CPE requires low energy to start 
the ion movement. This implies again that linking GPTMS to the 
PEO/PEG chain without any fillers enhances the mobility of Li ions. 
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Figure 8.   Illustration of a limited ion pathway due to the 
agglomeration of ceramic particles.

In addition, the Li ion transference number (TLi) of the CPEs was 
calculated (Figure S9, ESI). High TLi values indicate a lower Li 
concentration gradient near the surface of the Li anode. The typical 
TLi of an SPE is low due to the presence of free anions from the Li salt. 
The calculated TLi values of GPTMS-20%, GPTMS-ZrO2-20%, and 
GPTMS-LLZO-20% CPEs are 0.27, 0.37 and 0.26, respectively, all of 
which are higher than for the standard PEO-LiTFSI SPE (TLi of 0.14). 
The addition of GPTMS and GPTMS-modified fillers results in an 
increase in TLi, which can be attributed to the immobilization of the 
anions. The similar TLi values for the various CPEs further confirm that 
the fillers do not actively participate in ion transport but instead 
facilitate the Li transport. Moreover, linear sweep voltammetry (LSV) 
measurements were conducted to investigate the electrochemical 
stability window of the CPEs at 40 °C (Figure S10, ESI). Compared to 
the GPTMS CPE, the addition of fillers has no distinct effect on the 
electrochemical window of the CPEs. All the CPEs showed an anodic 
limit above 4.2 V (vs. Li/Li+), indicating that SPEs containing 
functionalized fillers can be applied for high-voltage electrode 
materials. Considering that all the CPEs showed a similar potential 
stability window, it can be concluded that the stability is mainly 
determined by the host polymer matrix.

Figure 9 shows the surface morphology of the CPEs with 15 vol.% of 
GPTMS-ZrO2 and GPTMS-LLZO, the GPTMS-15% CPE, and the PEO 
SPE. The PEO SPE shows a smooth, homogeneous surface free of 
particles. The addition of fillers or GPTMS significantly changed the 
surface morphology of the CPEs. The filler-free GPTMS CPE exhibited 
a fibrous and uneven structure, contrasting the smooth surface of 
the PEO SPE. Together with its sticky nature, this might offer 
enhanced interfacial adhesion to the electrodes or current collectors, 
which would increase the ionic conductivity compared to the PEO-
based SPE - a result consistent with the ionic conductivity results. The 
SEM image of the GPTMS-ZrO2 CPE showed a homogeneous surface 
devoid of fibrous structure, and a uniform distribution of particles on 
the surface, thereby enabling efficient Li-ion migration along the 
space charge region of the GPTMS-ZrO2 particles, which explains the 
improved ionic conductivity of this solid electrolyte. In contrast, the 
GPTMS-LLZO CPE exhibited poor homogeneity on the surface with 
large particle agglomerates being visible, which would disrupt the Li 
ion transport pathway along and between the polymer chains. In 

addition, the space charge region is present to a much lower amount 
here due to the strongly reduced interface area between the 
particles and PEO - an explanation for the lowest ionic conductivity 
observed for the GPTMS-LLZO CPE. Moreover, the surface of the 
GPTMS-LLZO CPE does not exhibit the malleability observed in other 
CPEs; instead, it exhibits an appearance reminiscent of ceramic 
materials. This suggests potential difficulties in achieving optimal 
electrode-electrolyte adhesion, a critical aspect in subsequent cell 
assembly and performance. 

Another comparison of the surface morphology was conducted for 
all CPEs with an additive volume fraction of 20% (Figure S6, ESI, with 
a higher magnification). The surface of the GPTMS-ZrO2 CPE 
appeared to be heterogeneous, displaying particle agglomeration 
and a fibrous structure, though less pronounced than observed for 
the GPTMS CPE. In contrast, the GPTMS-LLZO CPE surface was 
smoother around the filler particles with no fibrous structure. 
Nevertheless, SEM images of both GPTMS-ZrO2 and GPTMS-LLZO 
CPEs reveal the presence of particle agglomerates, indicating a poor 
dispersion of the particles, which could account for the reduced ionic 
conductivity in both CPEs compared to the filler-free GPTMS CPEs.

Figure 9. SEM images and digital photos (top right) of PEO SPE with 
smooth surface, GPTMS 15% CPE with fibrous and uneven structure, 
GPTMS-ZrO2 15% CPE with homogeneous surface and a uniform 
distribution of particles, and GPTMS-LLZO 15% CPE with 
heterogeneous surface and large particle agglomerates.

In conclusion, we found that the performance of the composite 
polymer electrolytes is highly dependent on the properties of the 
polymer. The incorporation of fillers can improve the ionic 
conductivity, but the impact on the overall performance can be 
limited due to other considerations such as the mechanical 
properties of CPEs. The selection of a suitable polymer and careful 
attention to the surface functionalization and processing of the fillers 
are therefore critical to ensure that the surface properties of the 
fillers are improved and that the particles can be effectively 
dispersed in the polymer matrix preventing agglomeration.
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Conclusion
In this study, the effects of functionalized active and passive fillers on 
the ionic conductivity of PEO-PEG-LiTFSI solid polymer electrolytes 
(SPEs) were investigated. Our results show that the integration of 
passive fillers, in particular 15 vol.% GPTMS-grafted ZrO2 fillers, 
considerably increased the ionic conductivity of the PEO-based 
composite polymer electrolyte (CPE) at 20 °C to 6.66∙10-4 S cm-1 at 
20 °C, compared to the base PEO-SPE conductivity of 9.26∙10-6 S cm-1 
at 20 °C. Conversely, CPEs with active GPTMS-LLZO fillers showed 
lower conductivity, ranging from 1.56∙10-6 S cm-1 to 2.93∙10-5 at 20 °C. 
An interesting observation was the significant increase in ionic 
conductivity (to about 5∙10-4 S cm-1 at 20 °C) achieved by anchoring 
the PEO-PEG chain to the GPTMS ligands in the absence of fillers, 
which can be attributed to the resulting decrease in PEO crystallinity. 
In particular, the study highlights the necessity of controlling surface 
impurities, such as Li2CO3, on LLZO fillers, which have been shown to 
form resistive layers that are detrimental to ionic conductivity.

Furthermore, the study reveals that the obstruction to the Li-ion 
movement by the excessive and non-uniform distribution of high-
density LLZO fillers strongly diminished the ionic conductivity, which 
underscores the importance of both an optimal filler content and its 
homogeneous dispersion within the matrix to achieve the desired 
performance. Additionally, the strategic incorporation of reactive 
silane compounds not only improves the ionic conductivity of PEO-
PEG-LiTFSI electrolytes, but also represents a cost-effective method 
compared to the incorporation of filler particles. These findings 
provide a facile way for the development of efficient polymer 
electrolytes with improved performance and offer promising 
prospects for their application in solid-state lithium batteries.
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