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Fast lithium ion (Li + ) transport in solid-state polymer-matrix conductors is in desperate demand 

in a wide range of room-temperature scenarios but remains a formidable challenge. Herein, 
we designed a class of solid-state electrolytes based on mixed-graft block copolymers (mGBCPs) 
containing short poly(ethylene oxide) (PEO) and polydimethylsiloxane (PDMS) side chains. The strong 

immiscibility of PEO and PDMS resulted in the formation of ordered phase-separated nanostructures. 
Diverse morphologies, including double gyroids, hexagonally perforated lamellae, hexagonally packed 

cylinders, and lamellae, were observed at different volume fractions of PEO/PDMS blocks. The impact 
of chain mobility of PEO on Li + transport was investigated by varying the length of PEO side chains 
and blending with free PEO chains. We demonstrated that physically blending mGBCPs with free 
amorphous PEO chains significantly facilitated the Li + conduction, and a solid-state electrolyte with 

room-temperature conductivity up to 2.0 × 10 
−4 S/cm was prepared. 

 

 

 

 

 

 

 

 

The superior economic benefits and sustainability of
rechargeable batteries enable their widespread use as energy
storage devices in electric vehicles, grid-level storage, and
portable electronics [1–3] . Lithium batteries, one of the most
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intensively studied rechargeable batteries, typically contain
highly conductive liquid-phase electrolytes to ensure their high
performance. Unfortunately, the organic liquid electrolytes
present safety concerns due to their flammability and risk of
leakage [4] . Furthermore, short circuit caused by Li dendrite
growth during battery cycling cannot readily be prevented in
the liquid medium [5] . In this regard, solid-state electrolytes
provide an alternative class of ion-conductive materials for the
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Scheme 1 

Synthesis of mGBCPs from norbornene-monofunctionalized PEO and PDMS macromonomers. 
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Table 1 

Composition of as-synthesized (PEO750) x - r -(PDMS1k) y mGBCPs. 

Sample Composition M n 
a (kDa) Ða ϕPEO 

b 

mGBCP-1 (PEO750) 25 - r -(PDMS1k) 25 26.0 1.04 0.42 
mGBCP-2 (PEO750) 35 - r -(PDMS1k) 15 22.0 1.04 0.63 
mGBCP-3 (PEO750) 43 - r -(PDMS1k) 7 20.7 1.05 0.81 
h -PEO (PEO750) 50 17.7 1.08 1.00 
a Determined by gel permeation chromatography (GPC) with polystyrene as the 

calibration standard. 
b Calculated based on nuclear magnetic resonance (NMR) spectra. 
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abrication of lithium batteries with enhanced security, durability, 
nd portability [6–10] . 
Poly(ethylene oxide) (PEO) is one of the most widely applied
atrix materials for solid-state electrolytes for Li + conduction 

ue to its high dielectric constant, desirable solvation site 
onnectivity, versatile processability, and high cost efficiency [11–
4] . An operating temperature above the melting temperature 
 T m ) of PEO is often required to eliminate PEO crystallization and
low chain motions that hinder the Li + transport. However, such
emperatures also diminish the solid feature of the electrolytes. 
hile the mechanical strength can be improved in self-assembled 
lock copolymers (BCPs) containing PEO and a complementary 
hard” block [15–19] , the high molecular weight (MW) of PEO
eeded for BCP nanophase separation is accompanied by low 

hain mobility and a high T m [20] , which inevitably translates into
igh operating temperatures, e.g., above 60 °C. Another prevailing 
ethod that enhances the mechanical strength of PEO melts 

nvolves the formation of end-linked PEO networks, albeit the 
hermosetting nature of the covalently crosslinked electrolytes 
imits their processability and recyclability [21–23] . Design of 
rocessable solid-state PEO-based electrolytes that function at 
oom temperature is in demand for a broad range of applications
ut remains an unmet challenge [24] . 
We recently reported a mixed-graft block copolymer (mGBCP) 

rchitecture that enabled nanophase separation between side 
hain blocks with unusually low molecular weights [ 25 , 26 ].
he mGBCPs were synthesized through ring-opening metathesis 
olymerization (ROMP) of a branched macromonomer (BMM) 
a norbornene molecule covalently tethered with two distinct 
olymeric side chains [27] . The two blocks that dictated
he nanostructures were preorganized in a pseudo-alternating 
equence upon ROMP. Thus, a disordered BMM with a low
W in each block could be converted into an ordered
anostructure due to the backbone-stabilized interface and 
uppressed mixing entropy in the mGBCP architecture. The 
hermomechanical properties of mGBCPs could be independently 
uned by varying the backbone length with minimal influence on
he nanostructures. Taking advantage of the mGBCP architecture, 
e hypothesized that an mGBCP with short-chain PEO as one
f the blocks could be designed for a room-temperature Li + -
onductive material with desirable mechanical strength. 
In this work, a simplified synthetic route ( Scheme 1 ) –

andom copolymerization of norbornene-monofunctionalized 
 

inear macromonomers (LMMs) [28] of PEO with MW of 750 Da,
eferred to as PEO750, and polydimethylsiloxane (PDMS) with 

W of 1000 Da, i.e., PDMS1k, was employed to create a
eries of mGBCP-based solid-state electrolytes that function 

t room temperature. The facile synthesis and reduced steric 
indrance of the LMMs, compared to BMMs, provided a synthetic 
latform towards mGBCPs with significantly improved scalability. 
oreover, the diversity of the resulting nanostructures was readily 
chieved by varying the volume fraction ( ϕ) of the two blocks,
.e., the feed ratio of the two LMMs. While polymers with a
elatively high glass transition temperature ( T g ), e.g., polystyrene 
PSt) and poly(lactic acid) (PLA), possess the potential to attain 

igher mechanical strength than PDMS, the low Flory–Huggins 
arameters ( χ) of PSt and PLA with PEO (Table S1) [29–31] will lead
o the formation of disordered phases in corresponding mGBCPs. 
he strong incompatibility between PEO and PDMS ensures their 
anophase separation to form nanochannels in mGBCPs, and the 
ow MW of PEO750 provides a crystallization-free fluid phase for 
ast Li + conduction at room temperature. After partially replacing 
he tethered PEO side chains with free PEO chains, a room-
emperature Li + conductivity as high as 2.0 × 10 −4 S/cm was 
chieved without compromising the mechanical strength of the 
olid-state electrolytes. 

(PEO750) x - r -(PDMS1k) y mGBCPs with a fixed overall degree 
f polymerization (DP) ( x + y = 50) of the backbone were
ynthesized, as summarized in Table 1 . A graft polymer prepared
rom the homopolymerization of PEO750 with the same backbone 
P was used as a reference and denoted as h -PEO. All mGBCPs
ere synthesized with nearly quantitative conversion of both 

MMs and low dispersity ( Ð < 1.10) ( Fig. 1 a). The polymers
ere blended with lithium bis(trifluoromethanesulfonyl)imide 
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Fig. 1 

(a) GPC traces of macromonomers, h -PEO, and mGBCPs; (b) SAXS profiles of mGBCPs with and without LiTFSI ( r = 0.05); (c) Nyquist plots of the mGBCP electrolytes 
with various compositions ( T = 25 °C); Plots of conductivity ( σ ) vs . (d) Li + concentrations ( T = 25 °C) and (e) inverse temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(LiTFSI) in tetrahydrofuran at varied molar ratios ( r ) of Li + to
the -CH 2 –CH 2 –O- repeating units of PEO, followed by slow
solvent evaporation for further structural, electrochemical, and
rheological characterization. 

Data obtained from small-angle X-ray scattering (SAXS)
experiments revealed the diverse morphologies with the variation
of ϕ and r ( Fig. 1 b, S10-12). mGBCP-1 with ϕPEO of 0.42 displayed
a hexagonally perforated lamellar (HPL) structure. The scattering
pattern was assigned to a R ̄3 m structure with lattice parameters
of a = b = 10.5 nm, c = 24.0 nm and an ABCABC trigonal
stacking (Table S2) [ 32 , 33 ]. The fact that the linear BCP PEO750-
b -PDMS1k with a similar ϕPEO to mGBCP-1 has a disordered
morphology (Fig. S16) [25] indicates the critical role of the
mGBCP architecture in facilitating ordered phase separation [26] .
A transition to a bicontinuous double-gyroidal (DG) structure was
observed in mGBCP-1 upon the addition of LiTFSI ( r = 0.05).
This Li + -induced change in self-assembly behaviors could be
attributed to the alteration of both the chemical nature and the
volume fraction of the PEO phase. Due to the higher dielectric
constant ( ε) of PEO ( εPEO = 4–8 [ 34 , 35 ] vs εPDMS = 2–3 [ 36 , 37 ])
and specific coordination interactions between ether oxygens and
Li + ions [ 38 , 39 ], Li + ions are preferentially enriched in the PEO
domains, thereby further increasing the incompatibility of the
two phases [40] . In parallel, the additional volume of LiTFSI
and chain stretching arising from coordination between PEO
and Lithium salt can lead to a variation in the volume fraction
as well [41] . The disordered neat mGBCP-2 ( ϕPEO = 0.63) also
underwent a Li + -induced morphological transition at r = 0.05
to a coexisting phase of lamellae (LAM) and hexagonally packed
cylinders (HPC). Although blending with LiTFSI further increased
the ϕPEO in mGBCP-2, this disorder-to-order transition indicated
that the enhanced incompatibility between PDMS and Li + -
enriched PEO enabled the phase separation. However, mGBCP-3
remained disordered (DIS) after blending with LiTFSI due to its
high compositional asymmetry ( ϕPEO = 0.81). 

The crystallinity of PEO750 in mGBCP electrolytes was
evaluated using differential scanning calorimetry (DSC) (Fig. S18,
19). Neat mGBCPs exhibited an endothermic peak at 25 °C
during heating, which corresponded to the T m of PEO750. The
characteristic peaks of melting and crystallization were both
missing in mGBCP electrolytes with various r from 0.02 to 0.15
within the temperature range from –30 to 150 °C, indicating that
PEO chains in mGBCP electrolytes are amorphous due to their
interaction with Li + . Calorimetric signals that corresponded to T g 

were not detected across the entire temperature sweep window in
both mGBCPs and their Li + -blended samples. 
3 
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Table 2 

Morphologies and ionic conductivities of the mGBCP 
electrolytes at 25 °C and r = 0.05. 

Sample Morphology σ0 
a (S/cm) σ (S/cm) 

mGBCP-1 DG 1.4 × 10 −5 3.3 × 10 −6 

mGBCP-2 LAM/HPC 3.1 × 10 −5 1.8 × 10 −5 

mGBCP-3 DIS 4.0 × 10 −5 3.4 × 10 −5 

a σ 0 , theoretical value of ionic conductivity calculated by Eq. (1 ) with 
σ c = 4.9 × 10 −5 S/cm. 
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alter the nanostructures of the viscoelastic solid. While mGBCP-5 

4

Electrochemical impedance spectroscopy (EIS) was used to 
valuate the ionic conductivity by casting a polymer/LiTFSI 
lm sandwiched between two standard stainless steel blocking 
lectrodes. Nyquist plots of mGBCP electrolytes and the r -
ependent conductivities are summarized in Fig. 1 c and d and
20–25. Conductivities ( σ ) of all mGBCP electrolytes approached 
he highest value at moderate blending ratios of r = 0.050–0.075.
t low lithium salt loadings, conductivity increases with [Li + ] due
o an increased number of charge carriers. After Li + saturates the
inding sites of PEO, further increase of [Li + ] reduces the PEO
hain mobility due to transient ionic crosslinking [42] . 
Apart from [Li + ], the volume fraction and morphology also

howed a remarkable influence on the ionic conductivity of BCPs
s described in Eq. (1) [ 43 , 44 ]. 

σBCP = f ϕ c σc (1) 

here ϕc and σ c are the volume fraction and the intrinsic 
onductivity of the conductive phase, respectively, and f is 
 morphology factor that has theoretical values of 1/3, 2/3,
nd 1 for 1D continuous HPC, 2D continuous LAM, and 3D
ontinuous conductive phases, respectively. At r = 0.05, all three
GBCP electrolytes formed morphologies with 3D continuous 
EO domains, i.e., DG phase (mGBCP-1), coexistence of LAM and
PC with PEO as the majority (mGBCP-2), and PEO-continuous 
isordered phase (mGBCP-3). Therefore, the f value is theoretically 
qual to 1 for the three mGBCP electrolytes. σ c was then
etermined using the conductivity of h -PEO, with the value of
.9 × 10 −5 S/cm at r = 0.05. 
With the ϕPEO increasing from 0.42 to 0.81, the conductivity 

f mGBCP electrolytes at their optimal r increased from 

.3 × 10 −6 S/cm (mGBCP-1) to 3.4 × 10 −5 S/cm (mGBCP-3). 
owever, the measured conductivities of mGBCP electrolytes were 
ll lower than those calculated by Eq. (1 ), as summarized in
able 2 . This discrepancy could be attributed to the low-surface-
nergy PDMS block that preferentially wet the stainless steel
lectrodes, resulting in an insulating layer between conductive 
EO domains and electrodes [ 45 , 46 ]. The larger difference
etween σ and σ 0 in mGBCPs with higher ϕPDMS (from mGBCP- 
 to mGBCP-1) further demonstrated the negative impact of the
referential electrode wetting by the PDMS block, which could 
otentially be eliminated by employing PEO-modified electrodes 
45] . 

The influence of temperature on morphology and ionic 
onductivity was further investigated at temperatures ranging 
rom room temperature to 60 °C. Variable temperature SAXS 
rofiles (Figs. S13–15) indicated no morphological change within 
 

his temperature range. As shown in Fig. 1 e and Fig. S26–31, the
onductivities of mGBCP electrolytes increased monotonically 
ith temperature. This temperature effect is consistent with 

he intrinsic relation of ionic conductivity with charge carrier 
oncentration ( c ) and ion mobility ( μ): σ = μ × c ; elevated
emperature facilitates the motion of the polymer chains and the 
i + dissociation, leading to higher μ and c , respectively [24] . 
Rheological experiments based on the oscillatory frequency 

weep method were conducted to calculate the storage ( G’ ) and
oss ( G" ) moduli of both neat and LiTFSI-containing mGBCPs with
 = 0.05 ( Fig. 2 ). Introducing a liquid-like PDMS complementary
lock provided more elastic materials, i.e., higher G’ , compared 
o h -PEO. This enhanced solid feature was further amplified after
iTFSI was dissolved in the mGBCPs. For instance, the liquid- 
ike and disordered mGBCP-2 with higher G" than G’ (tan δ > 1)
ecame a viscoelastic solid after Li + addition ( r = 0.05), with G’
n the range of 10 4 –10 5 Pa ( Fig. 2 b), approximately 3–4 orders
f magnitude higher than the liquid-like h -PEO ( Fig. 2 d) and
00 times higher than the linear BCP of PEO750- b -PDMS1k with
he same Li + content (Figure S34). The enhancement in the 
echanical strength could be ascribed to a cooperative effect of 
i + -mediated physical crosslinking of PEO chains and covalent 
GBCP backbone-stabilized ordered nanostructured interfaces. 
hese room-temperature Li + -conductive mGBCP electrolytes with 

nhanced mechanical strength have advantages in suppressing Li 
endrite formation in a rechargeable battery, enabling a high-rate 
nd high-capacity lithium metal cycling [47–49] . 
To investigate the impact of the chain mobility on the 

i + conductivity, we compared three types of mGBCP- 
ased electrolytes with consistent volume fractions of PEO 

 ϕPEO = 0.71–0.72) but distinct PEO components, including 
GBCP-2 physically blended with free PEO750 chains (17 wt%), 

PEO750) 38 - r -(PDMS1k) 12 , and (PEO2k) 18 - r -(PDMS1k) 12 ( Fig. 3 a).
he latter two samples are referred to as mGBCP-4 and mGBCP-5,
espectively. Evidenced by the SAXS profiles (Figure S17), the 
rst two electrolytes with r = 0.05 shared the same morphology
f HPC, and therefore their difference in conductivities would 
e predominantly influenced by PEO chain mobility. Adding 
ree PEO750 into the mGBCP drastically improved the room- 
emperature Li + conductivity from 3.0 × 10 −5 S/cm for mGBCP-4 
o 1.0 × 10 −4 S/cm for PEO750-blended mGBCP-2 ( Fig. 3 b). 
ith consistent volume fractions and morphology, the high 

onductivity in mGBCP-2 with free PEO750 chains was partially 
chieved by releasing part of the PEO side chains that were
mmobilized in mGBCP-4 at one of their two chain ends to an
nbound state. Moreover, the conductivity could also benefit 
rom reduced intersegmental repulsion in free PEO chains, 
hich has been demonstrated in linear BCP electrolyte systems 
50–52] . The rheological studies ( Fig. 3 c) demonstrated similar
iscoelastic solid features in the two samples, with G’ in the
ange of 10 4 –10 5 Pa. A slight decrease of G’ from mGBCP-4 to
EO750-blended mGBCP-2 could be attributed to the increased 
ree volume originating from the introduction of free PEO chains 
o replace the tethered mGBCP side chains. The added free 
EO750 component in the blended mGBCP-2 electrolytes served 
s a plasticizer that facilitated the ion transport [ 53 , 54 ] but did not
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Fig. 2 

Frequency sweeps of mGBCPs and h- PEO with ( r = 0.05) and without LiTFSI: (a) mGBCP-1; (b) mGBCP-2; (c) mGBCP-3; (d) h -PEO. 

Fig. 3 

(a) Schematic illustrations of three types of mGBCP-based Li + conductors with ϕPEO = 0.71–0.72; (b) Nyquist plots ( T = 25 °C) of mGBCP-based Li + conductors 
( r = 0.05) and (c) rheological frequency sweeps. mGBCP-4: (PEO750) 38 - r -(PDMS1k) 12 . mGBCP-5: (PEO2k) 18 - r -(PDMS1k) 12 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

possessed the highest G’ among the three samples, its higher
crystallinity and the lower mobility of PEO2k that contributed
to the high G’ provided Li + with a less dynamic solvation
environment and led to a Li + conductivity approximately an
order of magnitude lower than that of the blended mGBCP-2.
These results are consistent with recently studied ABA tri-block
bottlebrush copolymers containing PEO2k side chains with ϕPEO 

of 0.75–0.77, showing room-temperature Li + conductivity of ca.
2.0 × 10 −5 S/cm and storage modulus of 10 4 –10 5 Pa at 45 °C [55] .

The role of free PEO chains in the enhancement of the
ionic conductivity was further manifested by the systematic
investigation of the Li + transport behaviors in mGBCP-2 blended
with varied mass fractions of free PEO750. Nyquist plots ( Fig. 4 a)
display a monotonically increasing trend of the Li + conductivity
with the mass fraction of free PEO750 chains. With the mass
fraction below 30 wt%, an ordered nanostructure with LAM/HPC
or HPC morphology ( Fig. 4 b) was observed in a viscoelastic solid
( G’ > G”) ( Fig. 4 c). The highest conductivity of 2.0 × 10 −4 S/cm
at room temperature was achieved in this regime with nearly
unchanged storage modulus ( G’ > 3 × 10 4 Pa) ( Fig. 4 d). These free
PEO-blended mGBCP polyelectrolytes exhibited superior room-
temperature conductivity compared to previously reported solid-
state electrolytes derived from bottlebrush copolymers and brush-
arm star polymers comprised of PEO side chains with MWs from
550 to 2000 Da [ 56 , 57 ]. While further increasing the fraction
of free PEO750 continued to improve the conductivity, the
electrolyte transitioned from a nanostructurally ordered solid
sharply to a viscoelastic liquid with disordered phases when
5 
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Fig. 4 

(a) Nyquist plots, (b) SAXS profiles, and (c) rheological frequency sweeps of mGBCP-2-based Li + conductors with various mass fractions of the free PEO750 chains 
at r = 0.05; (d) Diagram showing the relationship between conductivity, storage modulus, and mass fraction of the free PEO750 chains. 
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he fraction was above 30 wt% ( Fig. 4 c and d). The ordered
anostructure not only provides channels for ion transport but 
lso plays a key role in the mechanical performance of the mGBCP
lectrolytes. 

onclusions 
n summary, we developed a facile synthetic approach to solid-
tate Li + -conductive electrolytes based on mGBCP architectures 
nd explored the impact of chain mobility on Li + transport
fficiency. Ionic conductivity as high as 2.0 × 10 −4 S/cm was
chieved at room temperature. While the neat h -PEO and
inear copolymer counterparts exhibit a liquid-like character, the 
GBCP-based conductors possess viscoelastic-solid-like features 
nd an elevated storage modulus in the range of 10 4 –
0 5 Pa. Conductive phases based on crystalline long side 
hains (PEO2k), amorphous short side chains (PEO750), and 
ombinations of tethered side chains on mGBCP backbone and 
ree chains (PEO750) were studied with identical volume fraction 

nd morphology. Ionic conductivity was optimized through 

ncreasing chain mobility of the conductive PEO phase by 
ither suppressing PEO crystallization or releasing the interface 
estriction of PEO chains. Furthermore, blending free PEO chains 
an efficiently facilitate the Li + transport in a wide range of
lending fraction with negligible sacrifice of the mechanical 
trength. 
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