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The lithium dendrite growth is still a serious challenge and impeding the realistic applications of
all-solid-state lithium batteries. In view of the amide containing sediment layer can be stable on
lithium/cathodes, a composite polymer electrolyte with amide-based matrix is in-situ built on porous
electrodes. With the introduction of amide, the polymer electrolyte presents excellent ability to inhibit
lithium dendrite growth and makes the Li/Li symmetric battery stably work for 500 h with a good ionic
conductivity of 4.25 x 107> S/cm at 40 °C. The solid electrolyte also shows a wide electrochemical stable
window and good interface contact with the porous cathode. Utilizing this composite polymer electrolyte,
the all-solid-state Li/LiFePO4 battery shows an initial discharge capacity of 146.5 mAh/g at 0.1 C under 40
°C and remains 81.4% in 100 cycles. The polymer electrolyte also can present better properties after mod-
ification. These results demonstrate that the presented PA-based composite polymer electrolyte could be

Li metal battery

served as a good electrolyte candidate for all-solid-state lithium-ion batteries.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The developing of electronic vehicles and large-scale energy
storage devices calls for advanced lithium-ion batteries (LIBs) with
high energy density and safety [1-3]. However, the state-of-the-art
LIBs are still suffering the issues such as inflammability and unsat-
isfactory energy density [4,5]. The flaws are caused by the conven-
tional liquid carbonate electrolytes with flammable property and
narrow electrochemical windows which limit the choice of elec-
trodes for LIBs [6,7]. Replacing the liquid electrolytes by solid elec-
trolytes is an efficient method to address the drawbacks of com-
mercial LIBs, since solid electrolytes are non-flammable and permit
Li metal be utilized as the anode, which can significantly improve
the safety and energy density of LIBs [8-11].

Inorganic ceramic electrolytes, such as Li;La3Zr,0q5(LLZO),
Li]_3Alo_3Ti]_7(PO4)3(LATP), LizS—P255 and leS—SlSz []2—19], have
been investigated extensively because of their high mechanical
strength and ion conductivities. Nonetheless, inorganic solid elec-
trolytes’ interfacial compatibility with porous electrodes and ma-
chining properties are still the serious challenges in industrial ap-
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plication and cannot satisfy the requirements of commercial LIBs
[20-24]. By contrast, the solid polymer electrolytes (SPEs), such
as poly(acrylonitrile), poly(propylene carbonate) and poly(ethylene
carbonate) [25-29], are considered to be more suitable for the
application of lithium-ion batteries due to their better interfacial
properties on cathodes, superior flexibility and scalable [30-33].
Among the SPEs, polyethylene oxide (PEO)-based polymer elec-
trolytes are regarded as the most promising candidates to prepare
all-solid-state LIBs since 1970s due to the relatively low industrial
cost, good film forming effect and excellent ability to complex with
lithium salts [34-37].

However, PEO-based polymer electrolytes present poor interfa-
cial strengths/stabilities at their operating temperature on lithium
metal anode, which tends to cause the growth of Li dendrite
and the failure of batteries in cycling [38]. To tackle the issue,
tremendous efforts have been focused on ameliorating the inter-
facial properties of PEO SPEs. Introducing inorganic fillers with
high modulus into SPEs is a widely adopted strategy. The ionic
conductive or insulative particles, such as h-BN [39], LiF [40,41],
Al,03 [42], SiO, [43], LLZO [44], LATP [45-47], were utilized to en-
hance the mechanical property of PEO electrolytes for suppress-
ing Li dendrite growth. However, the dispersing of particle fillers
in PEO is a big challenge in SPE preparation technique [48]. Fab-
ricating crosslinking polymer networks in PEO electrolytes is an-
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Scheme 1. The reaction mechanism between PEG and HDI.

other choice. Guo et al. proposed a PEO electrolyte with an inter-
penetrating poly(ether—acrylate) network [49]. This SPE presents
really high mechanical strength ~12 GPa, and makes a Li/Li sym-
metric cell works at 4 mA/cm? for 130 h. Other polymers like poly-
carbonate [50], polystyrene [51], poly(acrylonitrile) [52], polyvinyli-
dene fluoride [53], poly(m-phenylene isophthalamide) [54] also can
exhibit the similar abilities. Nonetheless, most of the SPE design
ideas focus on the Li anode interface only and lack the comprehen-
sive consideration about electrochemical stability/interface com-
patibility of the SPEs on cathodes [55,56].

In the work we reported previously, introducing amide group
into solid electrolyte interphase (SEI) on anode can make a smooth
uniform surface on Li metal anode in cycling with the Young's
modulus as high as 10 Gpa [57]. On the other side, carbonyl in
amide group is a good electron donor, which would enhance the
dissociation of lithium salts, increasing the density of the carrier
in SPEs. Carbonyl also can interact with other electron acceptors,
such as the methylene in PEO, by hydrogen bond, van der Waals
force, or other weak interactions. This means the amide-containing
compound would composite with PEO. Furthermore, amide group
can be formed by isocyanate and hydroxyl via thermodynamic pro-
cesses, and amide group is electrochemical and thermodynamics
stable on both of Li metal and cathodes with high operating po-
tential (>4.7 V vs. Lit/Li) [58-60]. The former means amide com-
pound can be in-situ formed on the cathodes which enhance the
wettability of SPEs on porous electrodes, and the latter means
the wider electrochemical stable window of amide-containing SPE
than that of PEO. Thus we try to in-situ construct a composite poly-
mer electrolyte (PPA) consisting of both PEO filler and an amide-
based polymer matrix (PA) produced with 1,6-hexamethylene di-
isocyanate (HDI) and poly(ethylene glycol) (PEG) on cathode. The
electrolyte membrane shows a wide electrochemical stability win-
dow up to 4.7 V vs. Li*/Li, good compatibility with porous cathode,
and considerable suppression capability of lithium dendrite growth
as expected. In addition, the SPE also shows high ionic conductiv-
ity which should be attributed to the low crystalline phase of the
polymer caused by the interaction between polymer matrix and
PEO. Aforementioned advantages of this SPE make the Li/SPE/Li cell
work more than 500 h and LiFePO,4/SPE/Li battery work stably un-
der 40 °C.

The PPAs were produced as shown in Experimental section and
Table S1 (Supporting information). Fourier transform infrared spec-
troscopy (FTIR) was utilized to investigate the polymerization be-
tween HDI & PEG and the interaction between the product and
PEO (Fig. 1a). The absorption peaks at 2270 cm~! and 1900 cm!
disappear after the reaction, which are related to N=C=0 of HDI
and end OH in polyethylene oxide samples, and the new peaks
at ~1537 and ~1680 cm~! belonging to N-H and C=0 are ob-
served in the products, suggesting the successfully producing of
amide group [61]. As shown in Scheme 1, the reaction mecha-
nism should be a hydroxy reacts with an isocyanate would pro-
duce amide group. Considering the My, of PEO is 300,000 g/mol
and PEG is 200 g/mol, and the compound with smaller molecular
presents higher reaction activity with HDI in polyethylene glycols,
these data indicate the successfully polymerization between HDI
and PEG, and no free monomer can be detected in PA and PPAs. In
the polymerization products, the stretching vibration bands around
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Fig. 1. (a) FTIR, (b) XRD patterns, (c) DSC curves and (d) ionic conductivities of the
SPE films.

1110 cm~! belonging to C-0-C of PEO show slight shifts in PPA
samples, implying the interaction between the polymer matrix PA
and PEO. A slight red shift trend is detected around 1680 cm™!
in PA and PPAs. Combined with the contents of PEO in PPAs,
this should be understood as the formation of H-bond between
CH,(PEO) and carbonyl(PA), which lower the bond energy of car-
bonyl. Moreover, the C-0-C peak of PEG shows no obvious shift in
PPAs should be the supplementary evidence for PEG precedes PEO
reacts with HDI, and the decrease of the peak displacement from
PPA1 to PPA3 suggests the fading of the interaction between PEO
and PA in the composite electrolytes.

The interaction between PA and PEO may influence the perfor-
mances of PPAs in different measurements. As shown in Fig. 1b,
the PEO film shows two sharp peaks at 19.2° and 23.6° in X-
ray diffraction (XRD) diagram, and the similar peaks of PPAs are
much weaker and wider, meaning the lower crystallinity of EO
segment (CH,_CH,_O) in PPAs [62]. PPA2 shows the weakest and
widest peaks among the samples, meaning the lowest crystallinity
in those of PPAs. The peaks of PPA1 and PPA3 is a little sharper.
Combined with FTIR curves (Fig. 1a) and the composition of PPAs
(Table S1 in Supporting information), these mean there are more
segregation in PPA1 and PPA3, which should be carbonyl-EO and
EO segment. Differential scanning calorimetry (DSC) test was car-
ried out to investigate the start melting temperature (Tsy) of poly-
mer electrolytes. As showed in Fig. 1c, an endothermic peak started
at 45.2 °C in the curve of pure PEO electrolyte. With the adding
of PEO, the Tsys of PPAs decrease significantly and the peak areas
gradually reduces. The results also should be related to the inter-
action between PA and PEO which suppresses the crystallization of
PEO. Although PPA3 exhibits the lowest melting peak, PPA2 shows
the lowest Tgy at 5.3 °C, suggesting this sample may present par-
ticular properties. Considering Ty should be related to the crys-
tallinity of polymer, and crystallinity affects the ionic conductivity
of polymers, the DSC result is consistent with the XRD patterns
(Fig. 1b) and suggests the good ionic conductivity of PPA2. Then
the ionic conductivities of electrolytes were measured by electro-
chemical impedance spectrum (EIS) at various temperatures in the
Fig. 1d. The ion conductivities of PPAs are higher than PEO at all
of the temperature. These results should be related to the interac-
tion between PA(carbonyl) and PEO(CH,) and the interaction be-
tween carbonyl and Li*. Comparing to those of PEO, the former
reduces the activation energies (Table S2 in Supporting informa-
tion), the crystallinities and the melting points of the composites,
and the latter increases the density of the carrier in SPEs by en-
hancing the dissociation of lithium salts. The carbonyl in amide



M. Ge, X. Zhou, Y. Qin et al.

Fig. 2. (a) Cyclic voltammetry curve of Li/PPA2/SS battery at a scan rate of 0.1 mV/s
from —0.5 V to 5 V at 40 °C. (b) The potential profiles of Li plating/striping in
Li/PPA2/Li and Li/PEO/Li symmetric battery at 40 °C under a current density of
0.1 mA/cm?. (c, d) SEM images of Li metal anodes from Li/PPA2/Li and Li/PEO/Li
battery after cycling at 40 °C.

group may participate in the dissociation of lithium salts. More-
over, the composite electrolyte PPA2 shows the highest ion conduc-
tivity in all of the samples and 4.25 x 10~> S/cm at 40 °C, match-
ing the lowest activation energy, crystallinity and Tgy, in those of
PPAs. The lithium-ion transference number of the films was tested
via the potentiostatic polarization method with the polarization of
10 mV, and the lithium-ion transference number of PEO and PPA2
were calculated to be 0.14 and 0.31 (Fig. S1 in Supporting informa-
tion). This demonstrates the electrolyte design strategy can make
the lithium-ion transference number of base SPE more than dou-
ble, and the composited SPE system appear to be more favorable
to the transportation of lithium-ions than that of anions, which
should be attributed to the interaction between amide and PEO.

Considering amide group is electrochemical stable at high po-
tential, the electrochemical window of PPAs should be expanded
basing on PEO. Then linear sweep voltammetry (LSV) was carried
out to investigate the electrochemical stabilities of the composite
electrolytes in SS/PPAs/Li batteries at 40 °C (Fig. S2 in Support-
ing information). The PPAs show lower currents at high potential
than that of PEO, which is oxidized >4 V vs. Li*/Li in the works
reported [63,64]. Furthermore, PPA2 presents the highest electro-
chemical stability, and be stable at the whole electrochemical win-
dow between 0 and 4.7 V vs. Li*/Li in the cyclic voltammetry (CV)
measurement as shown in Fig. 2a.

DMA measurement has been taken to investigate the effect of
amide polymer on the films’ mechanical properties. The stress-
stain curves show the PPA2’s fracture strength is >1 MPa and
Young's modulus is ~34 MPa, meanwhile those of PEO are 0.28 and
10 MPa (Fig. S3 in Supporting information). Basing on the stress-
stain curves, calculation displays the toughness of PPA2 is 2.8 times
higher than that of PEO film, meeting the flexing test results (Fig.
S4 in Supporting information). These also should be related the in-
troduction of amide, which forms hydrogen bond reciprocity be-
tween carboxyl groups and methylene groups as shown in Fig. 1a,
leading to the obvious improvement of the composited polymer’s
mechanical properties [57].

Then Li/SPE/Li cell was investigated in Fig. 2b under 0.1 mA/cm?
at 40 °C. The cell utilizing PPA2 presents a relative low over-
potential ~0.18 V in the cycling more than 500 h (250 cycles) with-
out evident short circuiting, indicating the good electrochemical
and thermodynamics stabilities between PPA2 and lithium metal.
However, the Li/PEO/Li cell presents a much higher over-potential
~0.45 V and shorts in 70 h cycling (35 cycles). In the work re-
ported [57], the introduction of amide would enhance the me-
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Fig. 3. (a) The cross-section of LiFePO4/PPA2. (b) The P, (c) Fe, (d) S element distri-
butions on the LiFePO4/PPA2 cross section.

chanical characteristic and conductivity of the polymer, which in-
hibit the Li dendrite growth dramatically. In this work, the com-
position of amide also presents similar characteristics. The lithium
metal obtained from the Li/PPA2/Li cell after the test is smooth and
dendrite-free (Fig. 2c), which is similar to that before cycling as
shown in Fig. S5 (Supporting information). In contrast, the lithium
metal obtained from LiFePO4/PEO/Li battery is much rougher with
mossy dendrites (Fig. 2d). The cross-sections also present the sim-
ilar phenomenon (Fig. S6 in Supporting information). In Fig. 1d,
Figs. S3 and S4, PPA2 presents good conductivity and mechanical
characteristics. The former means the uniform electric field of the
Li metal surface which increases the tendency of the uniform de-
position of lithium metal, and the latter inhibits the growth of Li
dendrites. Both of these make the smooth surface of Li anode in
Li/PPA2/Li cell.

The surface and cross-section morphology of PPAs and
LiFePO4/PPA2 were examined by the scanning electron microscope
(SEM) to study the compatibility between the composite elec-
trolytes and cathode. The surface morphology of PPAs are smooth
without obvious crack or components segregation as shown in Fig.
S7 (Supporting information), suggesting the homogeneous phase
distribution of the composite electrolytes’ components. There is
also no evident crack or gap between the solid electrolyte and
LiFePO4 cathode (Fig. 3a), meaning the good contact between PPA2
and the cathode. The mapping measurement was taken to investi-
gate the element distribution in the SPE and cathode. Fe element
and P element are detected in the similar location in Figs. 3b and
¢, and S element is relatively uniformly distributed in the full im-
age of Fig. 3d. In view of LiFePO,4 is the only source of Fe and P
element, and S element comes from LiTFSI in the solid electrolyte,
the data presented above further confirm that the monomer mix-
ture can penetrate into the porous cathode and evenly in-situ poly-
merized inside the LiFePO4 cathode. Furthermore, there is a sharp
boundary of the porous cathode in Fig. 3a which is similar to
Figs. 3b and ¢, and no boundary can be detected in Fig. 3d. The
frontier confirms the integrity of LiFePO4 cathode while the SPE is
in-situ built, and the latter suggests the close contact of SPE and
the LiFePO, particles. The good interfacial contact and uniformly
distribution of the polymer electrolyte on and inside the cathode
will be favourable for reducing the interfacial impedance between
PPA2 and LiFePO, electrode.

To investigate the electrochemical performance of PPA2 in all-
solid-state batteries, LiFePO4/PPA2/Li batteries were assembled.
The electrochemical impedances of LiFePO4/PPA2/Li batteries were
tested by EIS at 40 °C (Fig. 4a). The interface impedance of in-situ
prepared LiFePO4/PPA2/Li battery is much lower than that of the
ex-situ prepared one, confirming the favourable interfacial com-
patibility between PPA2 and LiFePO4 cathode prepared by in-situ
method as we expected. The charge/discharge performance of the
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Fig. 4. (a) The electrochemical impedance spectroscopy, (b) the charge/discharge
curves, (c) the long cycling performance and (d) C-rate cycling performance of
LiFePO4/PPA2/Li batteries under 40 °C.

batteries with PPA2 was measured in Fig. 4b at 0.1 C under 40 °C.
The initial discharge specific capacity of LiFePO4/PPA2(in-situ)/Li
battery is 146.5 mAh/g, the initial cycle coulomb efficiency is
97.87% and the over-potential between stable charge/discharge po-
tentials is only about 0.14 V, indicating a small resistance of the all-
solid-state battery made by in-situ method. In 20 cycles, the bat-
tery still presents a very flat voltage platform and a relatively low
over-potential in the charge/discharge processes. In correspond-
ing, the initial discharge specific capacity of the LiFePO4/PPA2(ex-
situ)/Li battery is 144.1 mAh/g, over-potential is ~0.2 V in the
15t cycle and increases to ~0.32 V in 20 cycles. Fig. 4c exhibits
the cycle performance of LiFePO4/PPA2(in-situ)/Li at 0.1 C under
40 °C. The discharge specific capacity of the battery still retains
119.7 mAh/g in 100 cycles, 81.4% of the initial capacity, and the
LiFePO4/PPA2(ex-situ)/Li battery capacity falls to 90.9 mAh/g in 45
cycles (Fig. S8 in Supporting information). The cyclic performance
of the battery basing pure-PEO is also shown in Fig. S9 (Supporting
information) which exhibits an initial discharge specific capacity of
125.3 mAh/g and only 71.5 mAh/g in 35 cycles at 0.1 C under 40 °C.
These results further prove the better electrochemical stability of
the SPE in-situ prepared than that of the sample ex-situ prepared.
The battery constituted by in-situ PPA2 presents much smaller po-
larization potential and better cycle stability than the ex-situ one.
These should be related to the better interface contact between
in-situ PPA2 and porous cathode as shown in Fig. 3. The excel-
lent physical contact between the SPE and cathode particles makes
the lower interface impedance and denser electrochemically stable
component (amide) distributing on cathode surface than those of
the ex-situ one. Fig. 4d shows rate performance of LiFePO,4/PPA2(in-
situ)/Li battery from 0.1 C to 0.5 C under 40 °C. The discharge ca-
pacity of this battery is ~145 mAh/g at 0.1 C, and ~84 mAh/g at
0.5 C. When the rate returns to 0.1 C, most of the discharge capac-
ity is recovered.

Moreover, the SPE PPA2 has been further modified for operating
on high potential cathode such as LiNij;3C01;3Mny;30,. With the
addition of 3 wt% LiBOB, the sample PPA2-3%LiBOB shows the bet-
ter ionic conductivities of 5.99x10> S/cm at 40 °C and 2.06x 10~
S/cm at 60 °C. Then LiNij;3Coq/3Mny30,/PPA2-3%LiBOB(in-situ)/Li
battery was assembled and tested (Fig. S10 in Supporting infor-
mation). The battery shows a reversible discharge specific capac-
ity of 157.9 mAh/g and remains 88.3% in 50 cycles under 0.1 C at
60 °C. With the same electrolyte, the LiFePO, cathode also shows
an initial discharge specific capacity of 165.5 mAh/g and remains
85.3% in 100 cycles at 60 °C, 0.1 C (Fig. S11 in Supporting informa-
tion). Thus, it is evident that the amide-based composite polymer
electrolyte prepared by in-situ polymerization can reveal the ex-
cellent electrochemical performance and match the needs of cath-
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odes and Li anode for all-solid-state batteries. Beside the good in-
terface contact between PPA2 and electrodes, these also should be
attributed to the good electrochemical and thermodynamics stabil-
ities of amide on both of Li and cathodes, which make the thin
interface layers and inhibit the blocking and lengthening of the Li
ion transmission path from SPE to electrode surfaces.

In summary, a composite polymer electrolyte with the amide-
based polymer matrix is prepared successfully by in-situ thermal
polymerization. The SPE exhibits the excellent capacity of sup-
pressing lithium dendrite growth and makes the Li/PPA2/Li cell
work stably for 500 h. PPA2 also presents the favourable interface
compatibility between electrolyte and cathode, the good electro-
chemical stable voltage of 4.7 V vs. Li*/Li, and a remarkable ionic
conductivity of 425 x 10~> at 40 °C. However, the electrochem-
ical properties of SPEs are determined by many factors, such as
thickness, morphology, which are mainly depends on the detailed
technological parameters in battery production process [65]. In an-
other hand, compared with the typical works reported recently as
shown in Table S3 (Supporting information) [66-70], the compos-
ited polymer electrolyte shown in this work makes LiFePO,4 battery
deliver 146.5 mAh/g at 0.1 C and remains 119.7 mAh/g in 100 cy-
cles at near-room temperature, similar to the reported PEO-based
SPEs and presents an alternative plan for commercial all-solid-state
batteries. Moreover, the SPE prepared in this work exhibits excel-
lent extensibility for the utilization of high potential cathode such
as LiCoO, in all-solid-state batteries, meaning the wider applica-
tion scope of the SPE design strategy our proposed. All these re-
sults indicate the potential value of PA-based composite polymer
electrolyte in practical application of all-solid-state lithium batter-
ies, and the comprehensive designing strategy can provide the in-
spiration in designing other high-performance SPEs.
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