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reduced by metallic lithium.*® In addition, rigid and stiff SIEs
can hardly have an intimate contact with electrodes and adapt
to volume changes of electrodes upon cycling, leading to huge
interface impedance in batteries.**

Therefore, solid composite electrolytes (SCEs) may be the
best way out of the dilemma, as they compromise features of
two SSEs, namely SPE and SIE. By adding Ga/Ta-doped LLZO
nanoscale fillers, poly(vinylidene fluoride) (PVDF)-based elec-
trolytes show superior ionic conductivity and thermal stability,
probably due to the interaction between ceramics and dehy-
drofluorinated PVDF.** Compared to homogenous structure,
sandwich-type SCE can suppress dendrite as well as form a good
interface contact with the electrodes, via regulating the ratio of
PEO and Ta-doping LLZO.** Furthermore, gelling SCEs by
plasticizers, namely forming quasi-solid composite electrolytes
(QCEs), together with in situ polymerization,*-** has proved to
be a feasible way to improve rate and cycle performance of the
batteries.

In this work, we design a novel QCE by in situ polymerization,
which is composed of poly(ethoxylatedtrimethylolpropanetria-
crylate) (PETPTA), nonflammable plasticizers, nanoscale
Li; 3Aly 3Ti; 5(PO4)s (LATP) filler and LiPF,. Plasticizers include
fluoroethylene carbonate (FEC), triethyl phosphate (TEP) and
1,1,2,2-tetrafluoroethyl-2,2,2-trilouroethyl ether (HFE). PETPTA
is rich in methacryloyl groups, which contains electron pairs,
making chains transferring Li" quickly. It also delivers super
thermal and electrochemical stability.>>** LATP of 50 nm size
acts as the inorganic fillers, and the amount of LATP was
determined by the molar ratio of -CH,CH,O- (EO)/Li" (EO/Li" =
18).*” Moreover, fluoride plasticizers contribute to in situ
formation of robust and homogenous SEI layer on anode, while
TEP is decomposed to form interfacial layer that protects the
cathode.?®* All of these build stable and favorable interfaces,
leading to stable cycling of the LMBs at high temperature (60
°C). In addition, pouch batteries with the QCE and LCO (or
NMC811) also exhibit relatively stable cycling and can work
under abuse conditions such as folding, cutting and nail
penetration, revealing good safety of the batteries with QCE.

2. Experimental section
Preparation of LATP nanoparticles

Nano-sized LATP particles were prepared by a facile sol-gel
method.* Stoichiometric amounts of Ti(OC4H,),, LINO;-H,0,
Al(NOs);5-9H,0 and (NH,4),HPO, were used as starting mate-
rials. Ti(OC4H,), was added into deionized water first. Oxalic
acid was then dropped into the titanium hydroxide precipitate



Paper RSC Advances

Fig. 1 (a and b) Optical images of flat and curved QCE-P membrane, and (c and d) SEM images of the QCE-P membrane.
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Fig.2 Photographs of QCE-P membrane and Celgard C480 separator at (a) room temperature and (b) 150 °C for 2 h in air, and flame tests of (c)
QCE-base membrane and (d) QCE-P membrane.
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Fig. 3 (a) EIS of QCE-P at room temperature and 60 °C, (b) temperature dependent ionic conductivity of QCE-P, and (c) comparison of LSV

curves of QCE-base and QCE-P in the first sweeping.

voltammetry (LSV) at a scanning rate of 5 mV s~ ' from 3.0 to
7.5 V with SS as working electrode and Li foil as reference and
counter electrode. Cyclic voltammetry (CV) scanning of the LCO
coin cell was carried out at a scanning rate of 0.1 mV s~ . EIS of
the LCO coins cell at discharged state was also measured with

an AC amplitude of 5 mV in the frequency range of 10 >-~10° Hz.
The EIS, LSV and CV tests were all performed using a Versa-
STAT3 electrochemistry workstation (Princeton Applied
Research) at 60 °C.
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Fig. 4 (a) EIS and (b) CV plots for LCO-based quasi-solid-sate cells using QCE-P.
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3. Results and discussion

The QCE membrane was prepared by an in situ polymerization
method, which is described in detail in Experimental section.
Besides the in situ polymerization in the cells, the composite
electrolyte membranes were also fabricated by casting the
precursor solution onto the glass plate followed by thermal
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polymerization for structural characterization and measure-
ments on some properties. As shown in Fig. 1a and b, the QCE-P
membrane has a smooth surface and exhibits a flexible prop-
erty. With the addition of LATP ceramics, the membrane shows
a translucent appearance, and the thickness is about 200 um.
The microstructure was also observed by SEM, as presented in
Fig. 1c and d. The QCE-P membrane is composed of nanoscaled
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Fig. 5

(a) Voltage profiles of LCO cell with QCE-P, comparison of (b) rate capability and (c) cycling performance (1C) of LCO cells with QCE-P

and QCE-base, (d) voltage profiles of NMC811 cell with QCE-P, and comparison of (e) rate capability and (f) cycling performance (1C) of NMC811

cells with QCE-P and QCE-base.
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Fig. 6 SEM images of the top of Li anode after 100 cycles from NMC811 cells with (a) QCE-base and (b) QCE-P electrolyte.

particles with a porous structure, which provides enough room
to absorb the plasticizers. After in situ polymerization, QCE has
a close contact with both cathode and Li anode (Fig. S1, ESI{).

Thermal stability is a crucial factor for practical applications
of SSEs. To evaluate the thermal stability, the QCE-P membrane
and commercial Celgard C480 separator were heated in a blast
oven in air at 150 °C for 2 h. Fig. 2a and b compare the
appearance changes of the two membranes before and after
thermal treatment. The QCE-P membrane shows a minor
change after heating in air, while the Celgard C480 separator
shows an obvious shrinkage when heated under the same
condition. It suggests that the QCE-P membrane is mechan-
ically more robust than the commercial separator at elevated
temperature, so as to avoid short-circuit and the accompanied
safety issues.** At a high temperature, flammability becomes
a fatal defect of carbonate electrolytes to cause accidents. In this
regard, F-containing FEC and HFE and P-containing TEP in
QCE-P can act as effective fire extinguishers.*” As shown in
Fig. 2c and d, when membranes are put above the flame, the
QCE-P membrane does not support combustion at all (>10 s),
which is distinguished from the QCE-base membrane that
burns fiercely in 2 s. ESI Videos 1 and 27 also vividly proves the
extinguishing capability of QCE-P. As a result, the QCE-P
membrane can act as a thermally stable and nonflammable
electrolyte for quasi-solid-state batteries.

Fig. 3a shows the impedance spectrum for SS/QCE/SS cell,
which is fitted by a equivalent circuit (inset in Fig. 3a) composed
of bulk electrolyte resistance (R.), geometric capacitance (Q,)
and electrode/electrolyte interfacial resistance (Q,).>*> The ionic
conductivity of QCE-P is 2.8 x 10" *S cm ™" at room temperature
and 7.8 x 10°* S em™ " at 60 °C, which are comparable with
those for quasi-solid-state electrolyte.® The temperature
dependence of ionic conductivity from 30 to 80 °C is illustrated
in Fig. 3b. The obtained results agree well with the typical
Arrhenius equation.*?

s=4 exp(;b;f) (1)

where s is the ionic conductivity, A4 is a pre-exponential factor, R
is the gas constant, and E, stands for the activation energy of

42188 | RSC Adv, 2019, 9, 42183-42193

lithium conduction. Calculated by eqn (1), QCE-P has a low E,
(0.23 eV), indicative of a relatively low energy barrier for lithium
ion transfer. The relatively high ionic conductivity and low
activation energy can be ascribed to the addition of plasticizers
and ion-conductive LATP, which may reduce the crystallinity of
polymer segments.** The electrochemical window of the QCE
membrane was investigated using a Li/QCE/SS cell. Fig. 3c
compares the LSV curves of QCE-base and QCE-P in the first
sweeping. Although the TEP component has an oxidation
current peak at around 4.7 V, the oxidation potential of the bulk
electrolyte is around 6.8 V, much higher than that of the QCE-
base electrolyte (5.5 V). This result is consistent with density
functional theory (DFT) calculation, that is, TEP has higher
highest occupied molecular orbital (HOMO) energy, which is
oxidized prior to FEC.**** Subsequent LSV tests in Fig. S2 (ESIt)
demonstrate that after the formation of cathode electrolyte
interface (CEI) from TEP decomposition, further reactions
between the cathode and electrolyte around 4.0 V are
prohibited.

To further investigate the interfacial impedance between
QCE-P and electrodes, EIS test of the Li/QCE-P/LCO cell was
carried out. Fig. 4a displays the Nyquist plot and the corre-
sponding equivalent circuit. There are two semicircles in the
spectrum, which is due to the surface film resistance (R¢) and
charge transfer resistance (R.). The intersection of the first
semicircle at the real axis stands for bulk electrolyte resistance
(R.)-** As can be seen from Fig. 4a, QCE-P has a comparatively
low interfacial resistance of 16 Q, indicating that SEI and CEI
layers from electrolyte decomposition are thin enough to
provide fast Li-ion diffusion channels. In addition, the result
shows that the cell also has a low R of 65 Q. A CV test was also
conducted between 3.0-4.2 V to study the reaction mechanism
of LCO-based quasi-solid-state cell (Fig. 4b), where the anodic
and cathodic peaks correspond to charge/discharge plateaus.
The stronger oxidation and reduction currents in the first circle
are related to degradation of part of the TEP and FEC,
respectively.

Electrochemical performance of lithium cells with the QCE-P
electrolyte was evaluated by using LCO and NMC811 cathodes
tested at 60 °C. Fig. 5a shows the charge/discharge profiles of

This journal is © The Royal Society of Chemistry 2019
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Fig.7 Optic photographs of the surface of (a) QCE-base and (b) QCE-P after cycling in the NMCB811 cells, XPS of (c and d) NMC811 cathodes and

(e and f) Li anodes cycled in different electrolytes.

LCO cell from 0.1C to 10C (1C is defined as 137 mA g ). The
polarization voltages between charge and discharge process
increase and voltage plateaus become blurred as the current
density increases, because the interfacial electrochemical

This journal is © The Royal Society of Chemistry 2019

polarization and concentration polarization in cathode increase
steadily.*® The maximum discharge capacity of LCO with QCE-P
at 0.1C is 136.3 mA h g~ ', which is close to the theoretical
capacity of LCO charged to 4.2 V (~140 mA h g '). The

RSC Adv, 2019, 9, 42183-42193 | 42189
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Fig. 8 Comparison of XPS of NMC811 cathodes charged to 4.3 V after 100 cycles in (a) QCE-base and (b) QCE-P.

discharge capacities of LCO with QCE-P at 0.5C, 1C and 2C are
128.9 and 121.7 and 110.5 mA h g™, respectively, higher than
that with QCE-base. As seen in Fig. 5b, the merit of using QCE-P
becomes more obvious as the current density increases to 5C
and 10C, where the cell still has a relatively high specific
capacity of 87.6 and 60.3 mA h g, respectively. The gradual
increase in capacity with cycling at 0.1C, 0.5C and 1C can be
ascribed to the increased activation of the interface between the
electrolyte and electrodes. When the current density returns to
1C, the discharge capacity increases to 120.8 mA h g™, indi-
cating excellent reversibility of the cell. The cycling stability of
the cell was evaluated at 1C after activation at 0.1C for 10 cycles
and 0.5C for 5 cycles. As shown in Fig. 5¢, the QCE-P cell also
exhibits improved cycle performance compared with the QCE-
base cell. After 180 cycles at 1C, the cell with QCE-P has
a 78.7% retention, while the retention of the cell with QCE-base
is only 59.2%. This behavior indicates that QCE-P electrolyte
and its interfaces with the electrodes are stable during repeated
cycling.

The electrochemical performance of the cells with more
aggressive NMC811 cathode was also investigated. A high
discharge capacity of 177.2 mA h g~' is obtained at 0.1C (1C is
defined as 180 mA g ') for the NMC cell with QCE-P as seen in
Fig. 5d. The capacity is on the decrease with increasing the
current density. However, a discharge capacity of 79.2 mAh g™*
is still obtained at 10C. In contrast, the NMC811 cell with QCE-
base has a discharge capacity of only 35.8 mA h g~" at 10C
(Fig. 5e). The enhanced rate capability can be ascribed to
increased Li-ion conductivity in the QCE-P bulk and the inter-
face between QCE-P and the electrodes. As shown in Fig. 5f,
although the cycling stability of NMC811 cathode is relatively
poor owing to severe transition metal dissolution, easier elec-
trolyte degradation and lattice structure damage problems,*
the QCE-P cell still shows a relatively high capacity retention of
73% after 100 cycles, while the cell with QCE-base has a reten-
tion of only 60.9%.

To better understand the reason why cells using different
electrolytes show huge difference in cell performance, the Li
anodes were observed by SEM after 100 cycles from the NMC811

42190 | RSC Adv,, 2019, 9, 42183-42193

cells. Fig. 6a shows that lithium dendrites grow vertically into
column-like microstructure when Li was repeated cycled in
QCE-base. The conventional carbonate electrolyte is not
compatible with Li anode, where a large proportion of electro-
Iyte irreversibly reacts with Li to produce a thick SEI layer which
insulates dead Li from electronic contact with the rest of the Li.
However, in the case of QCE-P, an efficient SEI layer forms from
the decomposition of the F- and P-containing plasticizers in
QCE-P. The SEI layer inhibits the further reactions between Li
and the electrolyte and the growth of lithium dendrites. A
smooth Li surface is thus obtained as seen in Fig. 6b. As a result,
the cell with QCE-P shows stable cycling with a stable SEI layer
on Li.

Fig. 7a and b compare digital images of electrolytes after
cycling in the NMC811 cells. Obvious side products can be seen
on the surface of QCE-base (the brown area in Fig. 7a) with the
side reactions between the electrolyte and the electrodes. By
contrast, QCE-P should hardly react with the electrodes after the
formation of efficient the SEI and CEI layers, leaving a clean
surface of the electrolyte (Fig. 7b). To understand the effect of F-
containing FEC and HFE and P-containing TEP on the chemical
compositions of the SEI and CEI, XPS characterizations were
conducted on the cycled NMC811 cathodes. Fig. 7c¢ and
d compare the P 2p and F 1s XPS of the cathodes cycled in
different electrolytes. For the cathode with QCE-P, the peak at
133.6 eV corresponds to the formation of Liz;PO, from the
decomposition of TEP. For the cathode with QCE-base, the peak
at 135 eV is ascribed to the formation of Li,PO/F, from the
decomposition of LiPFe. As the main decomposition product
from TEP, Liz;PO, has been used to coat cathode materials or fill
in gel electrolytes due to its wide electrochemical window.**
Thus, the relatively Liz;PO4rich CEI can prevent further
decomposition of the electrolyte on the cathode. This stabili-
zation effect of cathode surface is also supported by the F 1s
spectrum. The surface of the cycled NMC811 cathode contains
much less LiPF; decomposition species like Li,PO,F, and LiF.
Owing to less content of electronically insulating LiF, the QCE-P
cell has a lower charge transfer impedance after cycling and
exhibits better rate performance than the QCE-base cell. In

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 (a) Voltage profiles and (b) cycling performance of LCO/graphite pouch cell with QCE-P at 0.5C, (c) voltage profiles and (d) cycling
performance of NMC811/Li pouch cell with QCE-P at 0.5C, and abuse tests of the NMC811/Li pouch cell under different conditions: (e) pristine,
(f) folding, (g) cutting and (h) nail penetration.
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addition, as shown in Fig. S3 (ESIt), the formation of a P and F-
containing CEI layer is evident by the HAADF-STEM observation
and EDS mapping on the cycled NMC811 particles.

The chemical components of the SEI are mainly attributed to
degradation of FEC, as it has a lower lowest unoccupied
molecular orbital (LUMO) energy.**** Fig. 7e and f illustrate the
Li 1s and F 1s spectra of the Li anodes cycled in QCE-base and
QCE-P. Unlike the cathode side, species such as LiF and C-F
from FEC reduction dominate the SEI. F-rich SEI is good elec-
tronic insulator and blocks the electron tunnel, making itself
a pure ionic conductor to prevent continuous electrolyte
consumption.””* In addition, LiF presents high interfacial
energy to Li metal, which facilitates Li-ion migration along the
interface and enables the deposition of metallic Li in the
parallel direction.®® As a consequence, these substances act as
efficient protective layer for Li anode, enabling a smooth Li
surface and thereby slower capacity loss during cycling.

For NMC811 cathodes, surface phase transformation to rock-
salt structure is another important mechanism for electro-
chemical failure. To investigate the degree of lattice reconfigu-
ration, the NMC811 cell was charged to 4.3 V after 100 cycles,
and then it was disassembled to check the change of valence
state of Ni on the cathode surface using XPS (Fig. 8). The Ni 2p
spectra show that there is more Ni** and less Ni** and Ni** on
the NMC 811 cathode cycled in QCE-P than that in QCE-base.
The presence of Ni** indicates the irreversible formation of
the NiO-like rock-salt phase on the NMC811 cathode surface.**
This suggests that the CEI on NMC 811 can refrain lattice
reconfiguration.

Except for the use of F-rich and P-rich plasticizers, polymer
matrix and LATP particles in QCE also play a vital role in cycling
stability of cells. As shown in Fig. S4 (ESIT), the electrochemical
properties of the LCO and NMC811 cells using liquid
plasticizers-based electrolyte (1 M LiPFs inFEC/HFE/TEP,
1:1:1 in volume) were also evaluated to verify the effect of
polymer matrix and filler. Note that the liquid cells show poorer
cycling stability with 89% retention for LCO and 78% retention
for NMC811 after 50 cycles, comparing with the values for the
QCE cells (95% for LCO and 83% for NMC811) after the same
cycles. Thus, it can be concluded that the polymer and LATP
further improve the cycling stability of the cells by alleviating
the decomposition of the plasticizers, especially at relatively
high temperature.

Cycling performance and abuse tests of the pouch-type LCO
and NMC811 cells were also conducted. Fig. 9a and b give the
voltage profiles and cycling performance of the LCO/graphite
pouch cell. After 50 cycles at 0.5C, the cell can keep 81% of its
initial capacity. As shown in Fig. 9c and d, the NMC811 cell can
exhibit a moderate cycling stability at 0.5C (75% retention after
50 cycles) even using more aggressive LiNi,gMng;C0, 10,
cathode and relatively thin Li foil anode (100 um). As seen in
Fig. 9e-h and ESI Videos 3-5, blue LED lights can be still
lighted after abuse tests of folding, cutting and nail penetration,
which indicates good safety of the cells with the QCE-P
composed of LATP/polymer composite and nonflammable
plasticizers.

42192 | RSC Adv, 2019, 9, 42183-42193
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4. Conclusions

In summary, we developed a novel QCE, which is composed of
PETPTA polymer matrix, LATP inorganic fillers, LiPF, salt and
FEC/TEP/HFE plasticizers. This QCE shows good flexibility,
moderate room-temperature ionic conductivity and nonflam-
mability. Lithium metal cells assembled with QCE deliver high
capacity and show stable cycling at 60 °C. The LCO cell with
QCE can keep 78.7% of its initial capacity after 180 cycles and
the NMC811 cell holds 73% capacity after 100 cycles at 1C rate.
The LiF and C-F species in situ formed from the decomposition
of FEC protect Li anode, while Li;PO, derived from TEP stabi-
lizes the electrolyte/cathode interface, bringing in long cycle life
of lithium metal cells. Also, LCO/graphite and NMC811/Li
pouch cells show respective 81% and 75% capacity retention
at 0.5C after 50 cycles at 60 °C, and show a good safety bearing
abuse tests of folding, cutting and nail penetration. This work
will shed light on the design of safe, stable solid electrolytes for
high-performance Li metal batteries.
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