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Introduction

Corona-shaped two-dimensional polyaramid
derivatives for poly(ethylene oxide)-based all-
solid-state lithium batteriest

b

Feifan Zheng,? Liping Jiang,? Xiaoli Gong.? Zhenggiao Yin,? Fei Wang and

Yuwen Zeng (2 *@

Solid polymer electrolytes (SPEs), especially those based on poly(ethylene oxide) (PEO), have garnered
significant attention in the field of all-solid-state lithium batteries due to their high processability and low
cost, advantages that are typically hard to achieve with their inorganic counterparts. However, their poor
ionic conductivities have retarded their further application in all-solid-state lithium batteries. Herein, we report
a series of corona-shaped two-dimensional polyaramid (2DPA) derivatives that improve the overall perform-
ance of PEO-based SPEs, including ionic conductivity, ion transference number, and electrochemical stability.
We demonstrate that the unique corona topology, consisting of a rigid two-dimensional polyaramid core and
flexible poly(ethylene glycol) (PEG) chains grafted at its periphery, effectively inhibits the crystallization of the
PEO matrix through chain entanglement, thus enhancing ionic conductivity. Furthermore, the 2D polyaramid
core provides enriched Lewis acidic binding sites for counter anions, suppressing the anion motion and result-
ing in selective lithium-ion transport. Therefore, a blend of 30% 2DPA-PEGs and PEO exhibits an enhanced
room temperature ionic conductivity up to 4.39 x 107> S cm™ (an order of magnitude higher than that of the
original SPE), an elevated lithium-ion transference number of 0.78, and a high oxidation voltage of 4.7 V (vs. Li/
Li*). Meanwhile, the assembled all-solid-state batteries exhibit improved cycling performance and higher stabi-
lity. Such a heterostructural polymer design strategy showcases the promising potential of novel 2D polymer
derivatives for ion transport optimization in SPEs.

Solid-state electrolytes, which have been extensively investi-
gated for decades, are categorized into two main types: solid

The rising demand for electric vehicles and portable devices,
which calls for higher energy and power density, has made
lithium metal batteries a primary focus for next-generation
energy storage.'” Despite its exceptionally high theoretical
specific capacity of 3860 mA h g7, the lithium metal anode
suffers from significant safety challenges, including unsup-
pressed dendrite growth and an unstable solid electrolyte
interphase when paired with traditional liquid electrolytes.*”
Solid-state electrolytes, known for their intrinsic mechanical
robustness and chemical stability, are emerging as a viable
alternative to liquid electrolytes, offering a potential solution
to the challenges associated with lithium metal anodes.®”
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polymer electrolytes (SPEs) and inorganic solid electrolytes
(ISEs). SPEs, notably poly(ethylene oxide) (PEO)-based ones,
are typically more cost-effective, processable, and flexible than
ISEs.>®° However, their inferior room-temperature ionic con-
ductivity at 107 to 10™® S em™" has hindered their broader
application.’®™* In addition, the low lithium transference
number and oxidation voltage of PEO-based SPEs further
deteriorate their cycling performance.”®"” Lithium-ion trans-
port in PEO-based SPEs, which is highly affected by the chain
segment mobility, almost exclusively occurs in the amorphous
region through ion hopping among coordination sites within
polymer chains."®'® To reduce the crystallinity of SPEs and
further enhance their ionic conductivity, researchers have
focused on incorporating functional fillers into the PEO matrix
to inhibit chain crystallization.?*>* However, such a strategy
necessitates a high specific surface area coupled with strong
interactions between the fillers and polymer chains,>>>’ a
combination that is often difficult to attain in inorganic
systems. This difficulty leads to the undesired aggregation of
fillers within electrolyte composites, further impeding ionic
conductivity, processability, and mechanical properties.”*°
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The emerging two-dimensional polyaramid (2DPA),*" syn-
thesized via an irreversible 2D polymerization of 1,3,5-benze-
netricarboxylic chloride (TMC) and melamine (MA), combines
the high specific surface area and chemical stability of conven-
tional 2D materials with the ease of modification characteristic
of organic systems, making it a promising 2D molecular plat-
form for the development of 2D functional materials. We envi-
sion that after peripheral functionalization of individual 2DPA
platelets with PEG chains, the resulting corona-shaped poly-
mers, termed 2DPA-PEG, can serve as molecular fillers, featur-
ing a rigid discotic core with dense and flexible PEG chains.
Here, the introduction of PEG chains, selected for their PEO-
homogenic nature, is performed for intrinsic compatibility
with the electrolyte matrix, therefore preventing the undesired
filler aggregation. On the one hand, PEG chains are effectively
embedded and thus entangled within the PEO chains, while
on the other hand, the irregular shape of 2DPA-PEG and the
insufficient chain length of PEG impede the crystallization
process, preserving the amorphous nature of PEO. Meanwhile,
the highly exposed 2DPA core possesses enriched Lewis acidic
bonding sites (-NH- in amides), which could potentially inter-
act with counter anions and suppress their motion to obtain a
higher lithium-ion transference number. Furthermore, due to
the electron-deficient nature of the triazine motif, the electro-
chemical stability of 2DPA-PEG would be improved compared
to that of PEO.

In this work, we report a series of PEG-grafted 2DPA deriva-
tives characterized by a corona-like topological structure.
These derivatives were synthesized via a one-pot approach that
included an irreversible 2D polymerization,' followed by the
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post-modification of the resulting 2D platelets’ periphery with
short PEG chains. The PEG-grafted 2DPA derivatives are misci-
ble with the PEO matrix due to the entanglement of PEG and
PEO chains, an interaction that effectively prevents PEO crys-
tallization and, as a result, enhances their ion transport beha-
viours. We also found that this 2DPA-PEG/PEO blend (denoted
as 2DPA-SE) exhibits ionic conductivities of 4.39 x 107> S cm™*
at room temperature and 2.17 x 107 S em™" at 50 °C, a high
lithium-ion transference number (0.78) and a high oxidation
voltage (4.7 V, vs. Li/Li"). The assembled lithium symmetric
cell stably cycled for over 1400 h without short-circuits at
0.05 mA h em™ and the battery of Li|LiFePO, showed a dis-
charge capacity of 149.2 mA h g~ with a coulombic efficiency
of 99.6% after 50 cycles at 0.2 C.

Results and discussion

The precursor of 2DPA-PEG, which is a 2D polyaramid core, is
constructed through an irreversible polymerization of TMC
and MA in solution under ambient conditions.*" Following
this transformation, the resulting 2DPA platelets with abun-
dant residual acyl chlorides (-COCl) at their edges are
quenched with HO-PEG-OCHj; of varying molecular weights
(350, 550, 750, and 1000 g mol™ "), yielding the desired hetero-
structural polymers (Fig. 1a). The chemical structure of
2DPA-PEG was characterized by Fourier transform infrared
(FTIR) spectroscopy (Fig. S1t), in which characteristic peaks of
amide (1600-1700 cm™"),*"** ester (~1720 ecm™"),**?** and
ether (~1110 cm™) indicate the successful mounting of PEG

2DPA-SE
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2DPA-PEG350
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6 8 10 12 14
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Fig.1 (a) The synthesis of 2DPA-PEG and the fabrication of 2DPA-SE. (b) The high-resolution atomic force microscopy (AFM) image of
2DPA-PEG1000 and its zoomed-in version. (c) The gel permeation chromatography (GPC) curves of 2DPA-PEGs. (d) The scanning electron
microscopy (SEM) images of the electrolyte surfaces of (i) PEO/LIiTFSI and (ii) 30-2DPA-SE.
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chains onto 2DPA cores. Further "H NMR analysis (Fig. S2 and
S31) reveals high conversion rates (>90%) of -COCI to
-COO-PEG-OCHj3;, according to the ratio of characteristic peak
areas around 4.5 ppm (-COOCH,-, a product of -COCl with
HO-PEG-OCH;) and 13-14 ppm (-COOH, a byproduct of
—-COCl with moisture). The unique corona shape of the individ-
ual 2DPA-PEG molecule is evidenced by the images in Fig. 1b
and S4,T where a flat core of 2DPA is surrounded by an outer
circle of PEG chains. To gain a better understanding of the
grafting process, gel permeation chromatography (GPC) was
employed to trace the molecular weight change (Fig. 1c and
S5t). Upon the quenching of PEG, the retention time of 2DPA
(10.31 min) is reduced, while the higher homologues such as
2DPA-PEG1000 possess a shorter retention time (9.64 min)
than that of 2DPA-PEG350 (10.07 min). In addition, no crystal-
lization or orientation is observed in the X-ray diffraction
(XRD) spectra of 2DPA-PEGs (Fig. S67).

After dissolving 2DPA-PEGs in N,N-dimethylformamide and
mixing with PEO/lithium bis(trifluoromethanesulphonyl)
imide (LiTFSI), homogeneous solutions are formed (Fig. S77).
Removal of the solvent under reduced pressure and elevated
temperature leads to thin films without any phase separation
or inhomogeneity, suggesting a uniform distribution of
2DPA-PEGs within the PEO matrix (Fig. 1d and S8f%).
Furthermore, the surface of the 2DPA-PEG/PEO/LITFSI blend
is noticeably smoother with fewer cracks compared to the
PEO/LiTFSI blend. SPE films with different compositions and
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varying PEG chain lengths were then assembled with stainless
steel to measure their ionic conductivities. In Fig. 2a, the SPE
containing 30% 2DPA-PEG750 (denoted as 30-2DPA-SE) exhi-
bits the highest room-temperature ionic conductivity of 4.39 x
107> S em ™', which is an order of magnitude higher compared
to that of the original PEO electrolyte. Other SPEs containing
2DPA-PEGs exhibit inferior ionic conductivities compared to
the 2DPA-PEG750 blend, suggesting that a molecular weight of
750 g mol™" represents the optimal PEG chain length in this
topological structure for facilitating ion transport. However,
when a higher fraction of 2DPA-PEG750 (40%) is incorporated,
the ionic conductivity decreases, a phenomenon also observed
with other 2DPA-PEG derivatives. This decline can be attribu-
ted to the reduced fraction of flexible PEO chains, which are
essential for ion hopping within the electrolyte. Furthermore,
2DPA-PEG/LIiTFSI alone exhibits low ionic conductivity
(Fig. S97), and this conductivity further decreases as the length
of the flexible PEG chain reduces. This indicates that the pres-
ence of the PEO matrix is crucial for establishing continuous
ion transport pathways in the SPE design.

A decrease in activation energy (E,) for ion transport from
1.087 €V to 0.389 eV is observed when 30% 2DPA-PEG750 is
blended (Fig. 2b), supporting our hypothesis on the hetero-
structural molecular filler. Additionally, the transition of E, at
55 °C in the original PEO/LIiTFSI, which represents the melting
of PEO crystals, is consistent with our differential scanning
calorimetry (DSC) observations presented in Fig. 3b. In Fig. 2c,
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Fig. 2 (a) The ionic conductivities of PEO/LITFSI blended with different fractions of 2DPA-PEGs at room temperature. (b) The ionic conductivities of

SPEs at various temperatures. (c) The linear sweep voltammetry curves of SPEs at 0.5 mV s~ (d) The chronoamperometry curves over 10 000 s and
(e) their corresponding electrochemical impedance spectra of SPEs. (f) The FTIR spectra and characteristic peaks of SPEs.
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Fig. 3 (a) The differential scanning calorimetry (DSC) curves and glass transition temperatures of SPEs. (b) The DSC curves and melting enthalpies
of SPEs. (c) The X-ray diffraction (XRD) spectra of SPEs. (d) The dynamic mechanical analysis (DMA) curves of SPEs from 25 to 50 °C. (e) The stress—
strain curves of SPEs, from a strain of 0 to 1.0 (the full curve is shown in Fig. S12%). (f) The microscale combustion calorimetry (MCC) curves of SPEs.

the current plateau of the 2DPA-PEG750 blend is extended due
to the good oxidation stability of triazine groups in the 2DPA
core. Furthermore, 30-2DPA-SE exhibits stable performance at
step voltage plateaus from 4.3 to 4.7 V at 50 °C (Fig. S107),
whereas the oxidation of the PEO/LIiTFSI system starts below 4
V. This broader electrochemical window would enable more
stable cycling performance for Li|LFP batteries using 30-
2DPA-SE.

The lithium-ion transference number was calculated using
the following equation: ¢ = ILRps(AV — IgRy0)/IoRpo(AV —
IRy,),>> where AV is the applied potential (10 mV), R, and R,
are the bulk and passivation layer resistances, and I is the
current (the subscripts 0 and s refer to the initial and steady
state, respectively). As shown in Fig. 2d and e, chronoampero-
metry tests and the corresponding electrochemical impedance
measurements reveal a significant improvement in the
lithium-ion transference number, increasing from 0.12 to 0.78
after the addition of 30% 2DPA-PEG750. This high transfer-
ence number is expected to enhance cycling performance by
reducing polarization.>®*” The enhancement in lithium-ion
transference number can be attributed to the Lewis acid-base
interaction between the amide groups on the 2DPA cores and
the TFSI™ anions within the electrolyte. This interaction debili-
tates the movement of TFSI™, resulting in a higher portion of
Li" movement in ionic conduction.'®? Indeed, in the FTIR
spectra of the electrolytes (Fig. 2f), the characteristic peaks of
TFSI” (-SO,- and -CF;) at 1333.0 cm ', 1306.5 cm ',
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1230.4 cm™', and 1187.0 cm™' red-shift to 1332.6 cm™?,

1296.4 cm™', 1226.5 cm™', and 1182.2 cm™ ", respectively.*®

As expected, the entanglements between PEG chains from
2DPA-PEGs and PEO chains interrupt the chain crystallization
and increase the fraction of the amorphous region in the elec-
trolyte. In Fig. 3a, the glass transition temperature (T,) of SPEs,
an indicator of chain segment mobility, overall decreases as
the ratio of 2DPA-PEG750 increases. The lowest T, is observed
at a 30% 2DPA-PEG750 content, which matches well with our
ionic conductivity results. More importantly, the enthalpy of
melting (AH,,) of PEO blends diminishes with increasing
content of 2DPA-PEG750, reaching almost zero at 30% of
2DPA-PEG750 (Fig. 3b). Other 2DPA-PEGs exhibit similar
characteristics, as shown in Fig. S11,7 in which polymers with
longer PEG chain lengths show better performance in redu-
cing crystallization. The crystallinity of the electrolytes was
also evaluated using XRD (Fig. 3c), in which the characteristic
crystalline peaks of PEO at 19.0° and 23.1° are effectively sup-
pressed at 30% and 40% 2DPA-PEG750 contents, aligning with
the same trend observed in AH,,. Therefore, all the results
mentioned above confirm that the addition of 2DPA-PEGs
reduces the proportion of crystalline regions within PEO.

Given the highest ionic conductivity and an almost zero
proportion of crystalline regions, 30% 2DPA-PEG750 was
selected for the subsequent study of SPEs. In Fig. 3d, 30-
2DPA-SE exhibits enhanced mechanical properties in dynamic
mechanical analysis (DMA), characterized by a higher storage

1
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modulus (E') and tan(5) compared to the original PEO solid
electrolyte over the temperature range from 25 to 50 °C. The
enhanced stiffness, resulting from the rigid 2D cores as well as
the chain entanglements, is beneficial for suppressing den-
drite growth. Meanwhile, the higher tan(§) in 30-2DPA-SE is
associated with better chain segmental mobility,>***° which in
turn leads to enhanced ionic conductivity. The higher loss
modulus (E”, E" = E' x tan(§)) of 30-2DPA-SE also indicates a
better capability for energy dissipation. The tensile test of 30-
2DPA-SE yields an elastic modulus of 2.7 MPa and an accepta-
ble elongation at break of 80% (Fig. 3e). This modulus is sub-
stantially higher than that of its PEO counterpart, which has a
modulus of 1.5 MPa. In addition, 30-2DPA-SE exhibits good
thermal stability, as evidenced by thermogravimetric analysis
(TGA); no significant weight loss (5%) is observed until 322 °C
(Fig. S13%). In the microscale combustion calorimetry (MCC)
test (Fig. 3f and S14%), 2DPA-PEG750 presents a peak heat
release rate (HRR) of 300.8 W g™, which is less than half of
PEO’s 735.6 W g~ ". This indicates a superior flame retardancy,
which is due to the triazine groups in the 2DPA cores that
decompose to form noncombustible gases and induce the for-
mation of a char layer on the surface, thereby retarding further
combustion.** ™

Lithium symmetric cells were assembled with 30-2DPA-SE
and PEO/LIiTFSI to compare their stability with lithium metal
and their ability to suppress dendrite growth. As depicted in
Fig. 4a, the symmetric cells were charged/discharged for
1 hour at a current density of 0.05 mA cm™2. The cell with 30-
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2DPA-SE exhibits a significantly lower initial overpotential of
24 mV than that of PEO/LiTFSI, which slowly rises to 43 mV
after 100 h. The overpotential of the Li|30-2DPA-SE|Li cell
remains below 60 mV, and it stably cycles for over 1400 hours
without any short circuits. In contrast, the overpotential of the
PEO/LiTFSI battery starts at 65 mV and approaches 100 mV
before a short circuit occurs at 279 hours. The electrode
surface in Li|30-2DPA-SE|Li is less deteriorated with fewer den-
drites formed after cycling (Fig. S151). In the long-term
cycling, 30-2DPA-SE demonstrates more stable lithium strip-
ping/plating behavior and less deterioration in overpotential,
indicating better compatibility with the lithium metal anode,
an improvement that stems from the enhanced ion transport,
mechanical properties, and interfacial contact (Fig. S167).
All-solid-state batteries of Li|30-2DPA-SE|LFP and Li|PEO/
LiTFSI|LFP were assembled to compare their full battery per-
formance. The battery with 30-2DPA-SE exhibits an initial dis-
charge capacity of 157.4 mA h g™ " at 0.2 C (Fig. 4b), which is
higher than the 136.4 mA h g™ of the battery with PEO/
LiTFSI In addition, the Li|30-2DPA-SE|LFP battery experiences
a capacity increase, reaching a maximum of 165.4 mA h ¢”* by
the 10™ cycle. The rise in capacity is due to the decreased
impedance before the 10th cycle (Fig. S17t). After 50 cycles,
this capacity stabilizes at 149.2 mA h g~ with a coulombic
efficiency of 99.6%, still outperforming the Li|PEO/LiTFSI|LFP
battery, which has a capacity of 133.1 mA h ¢”* and a coulom-
bic efficiency of 98.7%. The performance at different charging/
discharging rates was also tested (Fig. 4c and d). The Li|30-
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Fig. 4 (a) The long-term cycling performance of lithium stripping/plating at 0.05 mA h cm™2 at 50 °C. Insets are the local magnified curves. (b) The
cycling performance of Li|SPE|LFP at 0.2 C and 50 °C. (c) The cycling performance of Li|SPE|LFP at different rates at 50 °C. (d) The voltage curves at

different charging/discharging rates of Li|30-2DPA-SE|LFP at 50 °C.
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2DPA-SE|LFP battery exhibits specific discharge capacities of
158.4, 152.9, and 140.8 mA h g™* at rates of 0.3, 0.5, and 1 C,
respectively. In contrast, the Li|PEO/LiTFSI|LFP battery shows
lower capacity at varied rates. Furthermore, the Li|30-2DPA-SE|
LFP battery exhibits stable charging/discharging voltage plat-
forms from 0.1 to 1 C. When the rate is returned to 0.2 C, the
capacity remains similar to the initial value at 0.2 C. This
capacity retention indicates good reversibility and minimal
irreversible side reactions during charging/discharging at
varied rates.

Conclusions

A series of corona-shaped 2DPA-PEG polymers were syn-
thesized and employed as molecular fillers in PEO-based solid
polymer electrolytes. The PEG chains on the 2DPA platelets
ensure intrinsic compatibility with the PEO matrix through
chain entanglements, preventing PEO chain crystallization and
enhancing its room-temperature ionic conductivity to 4.39 x
107> S em™, which is an order of magnitude higher than that
of the PEO electrolyte. Meanwhile, the Lewis acid-base inter-
action between the amides on 2DPA rigid cores and TFSI™
anions debilitates the motion of TFSI™, thereby improving the
lithium-ion transference number from 0.12 to 0.78.
Furthermore, the electrochemical window is broadened to 4.7
V due to the electron-deficient nature of 2DPA-PEGs. The
mechanical properties, including the storage modulus and tan
(6), of the electrolyte are also improved.

The lithium symmetric cell utilizing 30-2DPA-SE showcases
superior long-term cycling stability over 1400 hours with a
steady overpotential. Moreover, the all-solid-state battery of Li|
30-2DPA-SE|LFP delivers a specific discharge capacity of
149.2 mA h g after 50 cycles at 0.2 C, maintaining a coulom-
bic efficiency of 99.6%.

In summary, this work provides a heterostructural polymer
design strategy that enables better ionic conductivity, higher
transference numbers, a broader electrochemical window, and
enhanced mechanical properties. We envisage that this design
concept may contribute to further research on solid polymer
electrolytes.
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