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Four new ether-functionalized pyrazolium ionic liquids (ILs) based on dicyanamide (DCA) anions are
synthesized and characterized. The physical and electrochemical properties of these ILs, including
melting point, thermal stability, viscosity, conductivity and electrochemical stability are investigated. All
these ILs are liquids and their viscosities are lower than 40 mPa s at 25 °C. Though the four IL
electrolytes with 0.6 mol kg~! LIDCA have good chemical stability against lithium metals, only 1-(2-
methoxyethyl)-2-methylpyrazolium  dicyanamide  (PZ201-1-DCA) and  1-(2-methoxyethyl)-2-

ethylpyrazolium dicyanamide (PZ201-2-DCA) electrolytes can be used as electrolytes for lithium metal
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1. Introduction

Ionic liquids (ILs) are low-temperature molten salts composed
of organic cations and various anions, and they possess some
attractive properties, such as low flammability, negligible vola-
tility and high thermal stability.** Based on these properties,
utilization of ILs as safe electrolytes for lithium ion/metal
batteries has gained tremendous interest of researchers in the
last decade.>™® However, ILs show high viscosity compared to
conventional organic solvents, due to strong electrostatic force
between cations and anions in ILs. In order to enhance the
mobility of lithium ion in the IL electrolytes and the wettability
of IL electrolytes to electrode and separator, considerable effort
has been paid to reduce the viscosity of ILs by tuning the
chemical structures of cation and anion.

Functionalization of cation is an effective approach to adjust
the physicochemical properties of ILs, and it also provides more
choices for applications of ILs."™** Among different kinds of
functional groups, one ether group with electron-donating

“School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China. E-mail: housefang@sjtu.edu.cn; liyangce@sjtu.edu.cn;
Fax: +86 21 54741297; Tel: +86 21 54748917

Hirano Institute for Materials Innovation, Shanghai Jiao Tong University, Shanghai
200240, China

‘Shanghai Electrochemical Energy Devices Research Center, Shanghai 200240, China
T Electronic  supplementary available. See DOLI:
10.1039/c5ra17539a

information  (ESI)

93888 | RSC Adv., 2015, 5, 93888-93899

action can contribute to the decrease of viscosity and melting
point, and not result in the apparent deterioration of electro-
chemical and thermal stability.'*** Until now, one ether group
has been incorporated into many types of IL cations, such as
imidazolium,***** tetraalkylammonium,'”** piperidinium,'®*
pyrrolidinium™ and tetraalkylphosphonium'?® cations. Own-
ing to their superiority in viscosity and melting point, some
ether-functionalized ILs have been selected as electrolytes for
lithium metal batteries.”?**"-¢

Fluorinated sulfonyl type anions, such as bis(trifluo-
romethanesulfonyl)imide (TFSI) and bis(fluorosulfonyl)imide
(FSI), can give ILs low-viscosity character owning to weakly
coordinating nature and high charge delocalization.>***
Besides the advantage of viscosity, the ILs based on TFSI and FSI
anions can possess high electrochemical stability and allow
the reversible lithium redox on lithium metal, and they are
often chosen as electrolytes in lithium metal batteries.>>**-*
Nevertheless, the high cost of TFSI and FSI anions still restrict
the practical applications of these ILs.

Another well-known anion to compose low-viscosity ILs is
dicyanamide (DCA) anion with small size and high charge
delocalization.*”*® Since the pioneer work of MacFarlane et al.
on bringing DCA anion into ILs, DCA-based imidazolium, tet-
raalkylammonium, pyrrolidinium, pyridinium, sulfonium,
guanidinium and tetraalkylphosphonium ILs have been re-
ported.”**”-*> Considering the limited electrochemical stability
of the DCA-based ILs, their electrochemical applications have

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra17539a&domain=pdf&date_stamp=2015-11-02
https://doi.org/10.1039/c5ra17539a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA005114

Published on 27 October 2015. Downloaded by Fail Open on 7/23/2025 9:17:33 AM.

Paper

been focused on dye-sensitized solar cell*®**°® and super capac-
itor.””*® Recently, Yoon et al. have proposed the DCA-based ILs
as inexpensive non-fluorinated electrolytes for lithium metal
batteries, and demonstrated the stable cycle performance of
Li/LiFePO, coin cells using N-methyl-N-butylpyrrolidinium DCA
(P14-DCA) and N-methyl-N-methylpyrrolidinium DCA (P11-
DCA) electrolytes at high temperature.’ This discovery greatly
extends the potential applications of DCA-based ILs, and it
also encourages the researchers to explore new DCA-based ILs
as electrolytes for lithium metal batteries.

Pyrazolium cation has a structure of heteroaromatic ring
analogous to imidazolium cation, but researches about pyrazolium
ILs are rare in contrast to imidazolium ILs.*** Several TFSI-based
pyrazolium ILs have been proposed as electrolytes for lithium ion/
metal batteries.®” In this paper, we synthesized four new ILs
composed of ether-functionalized pyrazolium cations and DCA
anion, and the structures of these ILs were shown in Fig. 1. The
physicochemical properties of these ILs were systematically
studied. As expected, these ILs exhibited low-viscosity and high-
conductivity characteristics. Chemical stability against lithium
metal and cycle performance of symmetric lithium cells were
investigated for these IL electrolytes with 0.6 mol kg™ * LiDCA, and
charge-discharge characteristics of Li/LiFePO, cells were exam-
ined. It was demonstrated that PZ201-1-DCA and PZ201-2-DCA
could be used as new DCA-based IL electrolytes for lithium
metal batteries. Li/LiFePO, coin cells using the two electrolytes
could exhibit stable cycling performance at 0.1C, and the cell using
PZ201-2-DCA electrolyte showed better rate performance.

2. Experimental
2.1 Reagents and materials

Commercial reagents were purchased from Alfa Aesar or TCI Co., Ltd.,
and used as received. Lithium bis(trifluoromethanesulfonyl)imide
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(LiTFSI) was kindly provided by Morita Chemical Industries Co.,
Ltd. And lithium dicyanamide (LiDCA) was prepared according
to the procedures described in the literatures.*®”*

2.2 Synthesis of ether-functionalized pyrazolium ILs

Pyrazolium iodides were synthesized by alkylation of ether-
functionalized pyrazoles with iodomethane or iodoethane, as
the reported method.®® And then anion exchange was carried
out following the literatures."®*® Detailed procedures and NMR
data of 'H and °C were collected in the ESLt

2.3 Measurement

'H NMR and "*C NMR spectra of ILs were measured by a Bruker
spectrometer (Advance III HD 400). A Metrohm 73KF Karl Fischer
coulometer was used to determine the water contents, and the
water contents in these DCA-based ILs were lower than 100 ppm.
Phase transition behavior of ILs was studied by a differential
scanning calorimeter (DSC, TA Q2000). Each IL (about 5 mg)
was sealed into a small aluminum crucible in dry atmosphere.
After cooled from room temperature to —60 °C, the sample
stayed at —60 °C for 15 minutes so as to insure complete crys-
tallization (if possible), and then was heated from —60 °C to
60 °C. The above procedures were repeated twice at 10 °C min ™.
Thermal stability was detected by thermal gravimetric analysis
(TA, Q5000 IQ). The sample was heated between room temper-
ature and 600 °C in nitrogen atmosphere at the rate of 10 °C
min "

The measurement of density was performed by weighing
each IL (1.00 mL) at 25 °C. Viscosity was determined by
a Brookfield viscometer (DV-III), and conductivity was tested by
a DDS-11A conductivity meter. The tests of viscosity and
conductivity were carried out every 5 °C between 25 °C and
80 °C by a Brookfield temperature controller (TC-502). Electro-
chemical stability was analyzed by linear sweep voltammetry

o
O
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Dicyanamide (DCA")

Fig. 1 Structure of these DCA-based ether-functionalized pyrazolium ILs.
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(LSV) in an argon-filled glove box. Glassy carbon disk (3 mm
diameter) was used as working electrode, and platinum wire
and silver wire were chosen as counter and reference electrodes.
Fresh IL was utilized for the positive and negative scans
respectively. After each measurement, glassy carbon electrode
should be polished with alumina paste.

0.6 mol kg ' of LiDCA was dissolved in the dried IL in the
glove box to obtain electrolyte. The water contents in PZ201-1-
DCA, PZ201-2-DCA, PZ202-1-DCA and PZ202-2-DCA electro-
lytes were 98, 93, 96 and 91 ppm, respectively.

Symmetric lithium coin cell was fabricated in the glove box,
and a PE separator (SK, 20 um) was used. After the cell kept at
open circuit for 2 days at room temperature, the cycling test was
performed by a LAND test instrument (CT2001A). Current
density was 0.1 mA ecm >, and charge and discharge processes
lasted for 16 min respectively.

Electrochemical performances of IL electrolytes for lithium
metal battery were evaluated by coin cells. Cathode was
composed of carbon coated LiFePO,, acetylene black and PVDF
(weight ratio 8 : 1 : 1), and coated onto aluminum foil (battery
use). The loading of LiFePO, was around 2.0 mg cm . Lithium
foil was used as anode. After LiFePO, cathode was dried under
vacuum at 110 °C, Li/LiFePO, coin cells using the PE separator
(SK, 20 pm) were fabricated in the glove box. The cycling tests
were conducted between 2.0 V and 4.0 V by a LAND test
instrument. Current rate was determined basing on the theo-
retical capacity of LiFePO, (170 mA h g ).

The tests of LSV and electrochemical impedance spectrum
(EIS) were conducted by a CHI660D electrochemistry workstation.

3. Results and discussion
3.1 Properties of ILs

Physicochemical properties of four DCA-based ether-
functionalized pyrazolium ILs, such as melting point, thermal
decomposition temperature, viscosity and conductivity, were
summarized in Table 1.

All these ILs were liquid state at room temperature. Phase
transition behavior was analyzed by differential scanning calo-
rimeter (DSC), and the DSC curves of two ILs were illustrated
in Fig. 2 as examples. PZ201-1-DCA exhibited a melting transi-
tion (T,,) after a crystallization transition (T.). Like PZ201-2-
DCA, three ILs did not display any phase transition behavior
until —60 °C (the lower temperature limit of DSC measure-

ment), and their melting points were defined as “<—60 °C”
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according to some published papers.*®**”> Generally, incorpo-
rating one ether group into different cations would be beneficial
for decreasing the melting points of ILs, because of high flexi-
bility of ether group, low symmetry of cation, and weak elec-
trostatic attraction between cation and anion (caused by the
electron-donating ability of ether group).’**® Hence, three new
ether-functionalized pyrazolium ILs based on DCA anion could
also possess the melting points lower than —60 °C, and they
belonged to the low-melting point ILs. Moreover, it was found
that PZ201-1-DCA showed the higher melting point (—8 °C) in
these DCA-based pyrazolium ILs with the analogous structure
of cation. As known, more flexible substituent in the cation
could increase the conformational degrees of freedom, which
would reduce the crystal lattice energy and help to realize the
low melting points of ILs.*® Considering that methyl group and
2-methoxyethyl group were less flexible than ethyl group and
2-ethoxyethyl group respectively, the lower conformational
degrees of freedom of PZ201-1 cation mainly resulted in the
higher melting point of PZ201-1-DCA.

The TGA curves of four ILs were presented in Fig. 3. PZ201-1-
DCA and PZ202-1-DCA had the similar decomposition behavior,
while the decomposition behavior of PZ201-2-DCA was
approximate to that of PZ202-2-DCA. It was inferred that alkyl
group at N-2 position of pyrazolium cation might affect the
decomposition behavior. All the four ILs began to decompose
at around 230 °C. The type of cation could make effect on the
thermal stability of the DCA-based ILs. The thermal decompo-
sition temperatures of the four pyrazolium ILs were close to
those of tetraalkylammonium ILs, higher than those of sulfo-
nium ILs (~180 °C), and lower than those of imidazolium
(~270 °C), pyridinium (~250 °C) and pyrrolidinium (~250 °C)

PZ201-1-DCA

PZ201-2-DCA

L ) 1 A 1 L 1 . 1 L 1 \ 1 A 1 . )
-60 -40 -20 0 20 40 60 80 100

Temperature / °C

Fig. 2 DSC curves of PZ201-1-DCA and PZ201-2-DCA.

Table 1 Properties of these DCA-based ether-functionalized pyrazolium ILs

ILs M,%/g mol ! T.brC d‘/g em™ n%/mPa s ¢°/mS ecm ™ * T/°C
PZ201-1-DCA 207.24 -8 1.09 36.0 8.44 227.6
PZ201-2-DCA 221.26 <—60 1.08 33.6 8.27 227.8
PZ202-1-DCA 221.26 <—60 1.06 39.1 7.17 224.8
PZ202-2-DCA 235.29 <—60 1.04 32.4 7.79 227.0

“ Molecular weight. ® Melting point noted from the onset. ¢ Density at 25 °C. ¢ Viscosity at 25 °C. ¢ Conductivity at 25 °C. / Decomposition

temperature of 5% weight loss.
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Fig. 3 TGA curves of these ILs.

ILs.*** As known, the DCA-based ILs were not as thermally
stable as the TFSI-based ILs.** Here, the four DCA-based pyr-
azolium ILs also showed lower thermal stability than the cor-
responding TFSI-based ILs (~340 °C).**”® However, compared to
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Fig. 4 VTF plots of (a) viscosity and (b) conductivity.
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Table 2 Parameters of VTF equation for viscosity®
ILs Mo (mPa s) B (K) T, (K) R
PZ201-1-DCA 0.17 £+ 8% 588 + 3% 189 £ 1% 0.99997
PZ201-2-DCA 0.15 + 10% 633 + 4% 182 £ 2% 0.99996
PZ202-1-DCA 0.17 £ 6% 615 + 2% 185 + 1% 0.99999
PZ202-2-DCA 0.16 £ 10% 626 + 5% 181 £ 2% 0.99995

¢ The percentage standard errors for 7o, B and T, have been included,
and R® is the VTF fitting parameter.

Table 3 Parameters of VTF equation for conductivity®

ILs go(mSem™)  B(K) To (K) R?

PZ201-1-DCA 52+ 11% 65+19% 263 £2%  0.99391
PZ201-2-DCA 55 4 10% 794+ 17% 257 £2%  0.99615
PZ202-1-DCA 71+ 12% 117 £16% 248 £2%  0.99736
PZ202-2-DCA 63 + 11% 108 £ 16% 248 £2%  0.99738

“ The percentage standard errors for oo, B and T, have been included,
and R® is the VTF fitting parameter.

the conventional organic electrolytes containing highly volatile
carbonates,”® these DCA-based ILs still owned remarkable
advantage in the thermal stability.

Viscosity of ILs was an important property for their chemical
and electrochemical applications, and low viscosity was favor-
able for the mass transport in ILs. The viscosity of ILs could be
mainly influenced by ion size, ion symmetry, and ion-ion
interactions (including van der Waals interaction and electro-
static attraction).” The DCA-based imidazolium, tetraalky-
lammonium, pyrrolidinium, tetraalkylphosphonium and
sulfonium ILs had lower viscosities than the corresponding
TFSI-based ILs due to smaller size of DCA anion.****** For the
ether-functionalized pyrazolium ILs involved in this work, their
viscosities were also reduced by substituting TFSI anion with
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Fig. 5 LSV curves of these ILs at room temperature. Working elec-

trode: glassy carbon; counter electrode: platinum wire; reference
electrode: silver wire; scan rate: 10 mV s,
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Fig.6 Time evolution of impedance response for symmetric lithium cells under open circuit at room temperature: (a), (c), (e) and (g) from 0 to 12
hours; (b), (d), (f) and (h) from h to 72 hours.

DCA anion. For instance, the viscosity of PZ201-1-TFSI was pyrazolium ILs had the viscosities lower than 40 mPa s at room
52.1 mPa s at 25 °C,*® and the viscosity of PZ201-1-DCAwas only temperature. Thus, they could be considered as a new series
36.0 mPa s at 25 °C. According to Table 1, all the four DCA-based  of low-viscosity ILs.
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The changing of viscosity with temperature was studied
between 25 °C and 80 °C for the four DCA-based ILs. As shown
in Fig. 4a, the viscosity data were correlated by Vogel-Tam-
mann-Fulcher (VTF) model according to eqn (1),

7 = 1y €Xp (%) 1)

where 7, (mPa s), B (K) and T, (K) were adjustable parameters.
The values of three parameters and the fitting coefficient R*
were presented in Table 2. The temperature dependence of
viscosity was in good agreement with VIF model in the
temperature range studied. The n, and T, values of the four ILs
were close to each other, and PZ201-1-DCA had the minimum
Bvalue. Compared to the corresponding TFSI-based pyrazolium
ILs,*>7° it was found that these DCA-based pyrazolium ILs
had smaller B values and bigger T, values.

Usually, smaller sizes of cation and anion were favorable for
increasing the conductivity of ILs. According to Table 1, PZ201-
1-DCA had higher conductivity in the four ILs because of its
smaller size of cation. Like other kinds of ILs,***° these DCA-
based pyrazolium ILs had obviously higher conductivities
than the corresponding TFSI-based ILs. For example, the
conductivity of PZ202-2-DCA (7.79 mS em ™' at 25 °C) was more

View Article Online
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than two times higher than the conductivity of PZ202-2-TFSI
(3.48 mS cm ™! at 25 °C).”°

The conductivity as a function of temperature was investi-
gated between 25 °C and 80 °C. As described in Fig. 4b, the
conductivity data were also correlated by Vogel-Tammann-
Fulcher (VTF) model according to eqn (2),

0 = 09 €Xp (T_—BTO) (2)

where ¢, (mS em™ "), B (K) and T, (K) were adjustable parame-
ters. The values of three parameters and the fitting coefficient
R*were summarized in Table 3. The temperature dependence of
conductivity was also in agreement with VTF model. PZ202-1-
DCA and PZ202-2-DCA had bigger ¢, and B values and smaller
T, values than PZ201-1-DCA and PZ201-2-DCA. Compared to the
corresponding TFSI-based pyrazolium ILs,**” the four DCA-
based ILs owned smaller o, and B values and bigger T, values.
The test results of LSV were used to identify the electrochemical
stabilities of ILs. As illustrated in Fig. 5, the anodic limiting poten-
tials of the four DCA-based pyrazolium ILs were around +1.8 V versus
Ag/Ag". The cathodic limiting potentials of PZ201-1-DCA and PZ202-
1-DCA were around —1.5 V versus Ag/Ag’. For PZ201-2-DCA and
PZ202-2-DCA, their cathodic limiting potentials were around —1.4 V
versus Ag/Ag". So their electrochemical windows were about 3.2 V.

- A =
A s
. DO q
U s N

Fig.7 Cyclingand EIS results of symmetrical lithium cells: 0.1 mA cm™2 constant current and 200 cycles at room temperature: (a) and (b) PZ201-

1-DCA electrolyte; (c) and (d) PZ201-2-DCA electrolyte.
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Compared with the other kinds of DCA-based ILs, the electro-
chemical windows of these pyrazolium ILs were close to those of
imidazolium ILs and narrower than those of tetraalkylammonium,
tetraalkylphosphonium and pyrrolidinium ILs.'***** And the TFSI-
based ether-functionalized pyrazolium ILs had wider electro-
chemical windows (about 4.4 V) than the DCA-based pyrazolium ILs
in this work.®*”® The LSV curves of one ether-functionalized pyr-
azolium IL with TFSI anion (PZ202-2-TFSI) were also presented as
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Fig. 8 Cycling and EIS results of symmetrical lithium cells: 0.1 mA cm™

DCA electrolyte; (d)—-(f) PZ202-2-DCA electrolyte.
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a reference. Apparently, the four DCA-based pyrazolium ILs exhibi-
ted lower anodic limiting potentials and higher cathodic limiting
potentials than PZ202-2-TFSIL. By referring to the electrochemical
window of PZ202-2-TFSI versus Ag/Ag* (from —1.8 V to +2.6 V) and
its electrochemical window versus Li/Li" (from +1.0 V to +5.4 V),
the cathodic and anodic limiting potentials versus Li/Li* of these
DCA-based pyrazolium ILs were estimated to be about +1.4 V and
+4.6 V respectively.
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3.2 Chemical stabilities of IL electrolytes against lithium
metal

Fig. 6 showed the changing of EIS plots with time for symmetric
lithium cells using four DCA-based IL electrolytes under open
circuit at room temperature, and these results could help to
determine the chemical stabilities and interfacial characteris-
tics between electrolytes and lithium metal.””>”” The intercept
with real axis of EIS plot at high frequency was related to the
bulk resistance of electrolyte, and the diameter of the semicircle
represented the interfacial resistance (R;) between electrolyte
and lithium metal. For PZ201-1-DCA electrolyte (Fig. 6a and b),
the R; gradually increased from 0 to 12 hours, and after 48 hours
the R; value could keep dynamic stability. For the other three
electrolytes, a similar phenomenon was observed. Considering
that the cathodic limiting potentials of these DCA-based pyr-
azolium ILs were about +1.4 V versus Li/Li", the changing rule of
R; indicated that a passivation layer could form on lithium
metal when IL electrolytes contacted with lithium metal, and
the passivation layer would inhibit the reaction of IL electrolytes
and lithium metal.

According to Fig. 6, when the R; of these DCA-based pyr-
azolium IL electrolytes reached stability after 48 hours, the R;
values were in the range from 800 to 1600 Q. These stable R;
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values were bigger in comparison with the corresponding
TFSI-based pyrazolium IL electrolytes.®®”® For example, the R;
value of PZ201-2-DCA electrolyte was stable at about 1600 Q,
and PZ201-2-TFSI electrolyte showed a stable R; value close to
500 Q.%° The water contents in these DCA-based IL electrolytes
(90-100 ppm) were higher than those in the corresponding
TFSI-based IL electrolytes (lower than 50 ppm).*>”® Therefore,
it was speculated that DCA anion and higher water content
might result in the bigger interfacial resistance of DCA-based
IL electrolyte/lithium metal.

3.3 Cycling performances of symmetric lithium cells

The symmetric lithium cells using the four DCA-based pyr-
azolium IL electrolytes were cycled at room temperature. Before
the cycling tests, the cells had stayed under open circuit for
48 hours so that a stable passivation layer could form on lithium
metal. The cycling results of PZ201-1-DCA and PZ201-2-DCA
electrolytes and their EIS plots before and after cycling were
shown in Fig. 7. For PZ201-1-DCA electrolyte, the voltage profile
firstly increased and then decreased until it reached a steady
state. For PZ201-2-DCA electrolyte, the voltage profile decreased
gradually and then tended to stability. The diameter of the
semicircle in the EIS plots was assigned to the interfacial
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resistance of electrolyte/lithium metal. Apparently, the interfa-
cial resistances of electrolyte/lithium metal became smaller
after cycling test, which was consistent with the decreasing
process of the voltage profile. And it also indicated that the
initial passivation layer on lithium metal might turn into the
solid electrolyte interphase (SEI) film during the cycling test.
For PZ202-1-DCA and PZ202-2-DCA electrolytes, a different
phenomenon could be observed. As illustrated in Fig. 8, the
voltage profile increased quickly to 5 V, which was the voltage
limit of the test instrument. And the interfacial resistances of
electrolyte/lithium metal increased drastically after cycling test.
The previous report about P14-DCA electrolyte showed that
the water content in electrolyte would affect the cycling
performance of symmetric lithium cells and the SEI film on
lithium metal at 50 °C.'° Because the water contents in PZ202-1-
DCA and PZ202-2-DCA electrolytes (96 and 91 ppm) were close
to those of PZ201-1-DCA and PZ201-2-DCA electrolytes (98 and
93 ppm), their different electrochemical behavior of symmetric
lithium cells could be attributed to the different ether groups in
pyrazolium cations, which might affect the forming of SEI film
on lithium metal. And the above results also manifested that
PZ202-1-DCA and PZ202-2-DCA electrolytes were unsuitable
as electrolytes for lithium metal batteries due to the worse
interfacial characteristics of electrolyte/lithium metal.

3.4 Charge-discharge characteristics of Li/LiFePO, cells

In the innovative work of Yoon et al.,* the stable cycle perfor-
mances of Li/LiFePO, cells using two DCA-based pyrrolidinium
IL electrolytes (P14-DCA and P11-DCA electrolytes) could be
obtained, when the cells were tested under the voltage range of
3.0-3.8 V at 50 or 80 °C. Regrettably, there was no performance
comparison between the DCA-based IL electrolytes and the
corresponding TFSI- or FSI-based IL electrolytes. In this work,
the charge-discharge tests of Li/LiFePO, cells using PZ201-1-
DCA and PZ201-2-DCA electrolytes were performed under the
voltage range of 2.0-4.0 V, in order to compare with the previous
results of Li/LiFePO, cells using PZ201-1-TFSI and PZ201-2-TFSI
electrolytes.®

Fig. 9a showed the charge-discharge curves of Li/LiFePO,
cell using PZ201-2-DCA electrolyte at 0.1C, and Fig. 9b illus-
trated the discharge capacity and coulombic efficiency during
cycling of Li/LiFePO, cells at 0.1C at room temperature. The
initial discharge capacities of PZ201-1-DCA and PZ201-2-DCA
electrolytes were 147 and 151 mA h g ' respectively. Their
discharge capacities decreased in the first several cycles, and
stabilized at about 138 and 146 mA h g~ " until the 50th cycle.
The stable discharge capacity of PZ201-2-DCA electrolyte
approximated those of PZ201-1-TFSI and PZ201-2-TFSI electro-
lytes (about 150 mA h g™ ") at 0.1C.* The coulombic efficiencies
of the initial cycle for PZ201-1-DCA and PZ201-2-DCA electro-
lytes were 90% and 89% respectively, and the efficiencies
became higher than 98% after several cycles. EIS was utilized to
analyze how the interfacial property of electrode/electrolyte
affected the electrochemical performance of Li/LiFePO, cells.
The EIS plots of Li/LiFePO, cells after different cycles at 0.1C
were presented in Fig. 9c and d. The diameter of the semicircle
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represented the interfacial resistance of SEI film. For PZ201-1-
DCA and PZ201-2-DCA electrolytes, the interfacial resistance
increased with cycle number and then kept steady. The trend
was consistent with the decreasing of discharge capacity in the
first several cycles. It was inferred that the increasing of inter-
facial resistance was caused by the gradual forming of stable SEI
film. Additionally, the lower interfacial resistance of PZ201-2-
DCA electrolyte just explained its higher discharge capacity at
0.1C compared to PZ201-1-DCA electrolyte.

Fig. 10a showed the rate dependence of discharge capacity
for Li/LiFePO, cells at room temperature, and the discharge
capacity was normalized in terms of the stable discharge
capacity at 0.1C. It was easy to find that the discharge capacity
deceased as the discharge rate increased. As shown in Fig. 10b,
the discharge capacity of PZ201-2-DCA electrolyte at 0.5C was
130 mA h g, which retained 89% of the capacity at 0.1C, and
the discharge capacity at 1.5C was 97 mA h g~ ', which retained
66% of the capacity at 0.1C. Basing on the results of normalized
capacity, the rate property of PZ201-2-DCA electrolyte was
obviously better than that of PZ201-1-DCA electrolyte. And the
rate property of PZ201-2-DCA electrolyte might benefit from its
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higher conductivity at room temperature (Table S1t) and lower
interfacial resistance (as presented in Fig. 9c and d). Further-
more, although PZ201-1-DCA and PZ201-2-DCA had the
advantages of viscosity and conductivity compared to PZ201-1-
TFSI and PZ201-2-TFSI, the rate properties of PZ201-1-DCA
and PZ201-2-DCA electrolytes were not as good as those of
PZ201-1-TFSI and PZ201-2-TFSI electrolytes.* For example, the
normalized capacity of PZ201-2-TFSI electrolyte at 1.0C was
81%,* and the normalized capacity of PZ201-2-DCA electrolyte
at 1.0C was 77%. It also meant that the interfacial characteris-
tics might be the major factor to affect the rate property of Li/
LiFePO, cell. Therefore, the key point to improve the electro-
chemical performances of lithium metal batteries using the
DCA-based IL electrolytes was how to optimize the interfacial
characteristics by adjusting the structure of cations in DCA-
based ILs.

The low-temperature performance of Li/LiFePO, cell at 0.1C
was presented in Fig. 11a, and the discharge capacities at
different temperatures were also normalized on the basis of the
discharge capacity at 25 °C. Fig. 11b illustrated the discharge
curves of PZ201-2-DCA electrolyte at different temperatures.
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Obviously, the low-temperature performance of PZ201-2-DCA
electrolyte was still better than that of PZ201-1-DCA electro-
Iyte. For instance, the discharge capacity of PZ201-2-DCA elec-
trolyte at —20 °C was 52 mA h g~ ', which retained 35.1% of the
capacity at 25 °C, and the discharge capacity of PZ201-1-DCA
electrolyte at —20 °C was only 17 mA h g, which retained
12.4% of the capacity at 25 °C. According to the conductivities of
PZ201-1-DCA and PZ201-2-DCA electrolytes between 25 °C and
—20 °C (Table S1t), it could be found that PZ201-2-DCA elec-
trolyte's advantage of conductivity became more prominent at
low temperature. The conductivity of PZ201-2-DCA electrolyte
was just 16% higher than that of PZ201-1-DCA electrolyte at 25
°C, while the conductivity of the former was 68% higher than
the conductivity of the latter at —20 °C. Therefore, the signifi-
cantly higher conductivity at low temperature was favorable to
the low-temperature performance of PZ201-2-DCA electrolyte.

4. Conclusions

Four new ILs based on ether-functionalized pyrazolium cations
and DCA anion were synthesized and characterized. The phys-
icochemical properties of these ILs were systematically investi-
gated. All the four ILs were liquids at room temperature, and
three ILs showed melting points lower than —60 °C. The
viscosities of the four ILs were lower than 40 mPa s, and their
conductivities were higher than 7 mS cm™" at 25 °C. The elec-
trochemical windows of these ILs were about 3.2 V. Though the
cathodic limiting potentials of these ILs was far higher than 0 V
versus Li/Li", their IL electrolytes with 0.6 mol kg™* LiDCA had
good chemical stability against lithium metal owing to the
forming of passivation layer. For PZ201-1-DCA and PZ201-2-
DCA electrolytes, the cycling test results of symmetric lithium
cells indicated that a stable SEI film could be formed on lithium
metal after 200 cycles. At room temperature, Li/LiFePO, cells
using PZ201-1-DCA and PZ201-2-DCA electrolytes showed good
cycling performance at 0.1C, and the cell using PZ201-2-DCA
electrolyte owned better rate performance.
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