Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2020

Supporting Information

Towards the Understanding of Acetonitrile Suppressing Salt
Precipitation Mechanism in Water-in-Salt Electrolyte for Low-

temperature Supercapacitor

Yinglun Sun®®, Yue Wang®, Lingyang Liu®?, Bao Liu ®°, Qingnuan Zhang?, Dandan
Wud, Hongzhang Zhang® and Xingbin Yan®b*

@ Laboratory of Clean Energy Chemistry and Materials, Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences, Lanzhou, 730000, China.

b Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, China

¢ School of Physical Science and Technology, Lanzhou University, Lanzhou, 730000,

China.

d Department of Physics, School of Science, Lanzhou University of Technology,
Lanzhou, 730000, China.

¢ Dalian National Laboratory for Clean Energy, Dalian, 116023, China.

' International Academy of Optoelectronics at Zhaoqing, South China Normal
University, Zhaoqing, 52600, China.

* Corresponding author. E-mail address: xbyan@licp.cas.cn



Table S1. The coordination numbers for Na-O*: Na-O=, and Na-N* of NaClO,-

based solutions with different H,O/ACN molar ratio.

solution Number Number Number

(ClOy) (H20) (ACN)

(NaClOy); 7/(H,0)s 5 2.77 3.24 0
(NaClOy); /(H,0)s 7(ACN),  1.865 2.951 1.15
(NaClOy), 7/(H,0)s 7(ACN);  1.522 2.866 1.568

(NaClOy); /(H0)47(ACN),  1.268 2.764 1.913




Table S2. The comparison of low-temperature electrochemical performance for aqueous supercapacitors.

Materials Electrolyte Potential Lowest Specific Specific CrLor/Crr  Rate capability cyclic Ref.
window operating capacitance capacitance (LOT) stability
temperature (LOT) (RT) (LOT) (LOT)
activated carbon SA-g-DA/KCI 08V -10°C 97F g'! 79.5F g! 81.95% - 99.37% 1
hydrogel electrolyte (1LOA g (LOA g after 1350
(3 M KCI) single electrode  single electrode cycles
PEDOTS- LiCI-PVA 1.5V -60 °C 179.8 mF cm™ 78.8 mF cm™ 43.82% 22.2% 97.2% 2
RuO,@PEDOTS gel electrolyte (50 mV s (50 mV s (from 5 to 100 after 5000
(3.5 M LiCl) mV S cycles
activated carbon NaClO4 aqueous 1.2V -30°C 158 Fg! - - - 3
solution (5 M) (5 mVs™)
single electrode
commercial [BMIm]CI/H,O 25V -32°C 480 F g'! 97F g'! 20.20% 29.9% - 4
graphene electrolyte (20 mV s (20 mV s (from 20 to 400
nanoplatelets with 0.1m 4hT single electrode  single electrode mV s1)
(20 m)
porous carbon gel electrolyte with 5 25V -54°C 2413F g! 156.1 F g! 64.69% - - 5
M LiTFSI solution single electrode  single electrode
activated carbon cholinium chloride 1.5V -40°C 126 F g! 106 F g'! 82.13% - - 6
aqueous solutions single electrode  single electrode
(5 m)
Co(OH), and NaClO4 (9 M) and 14V -30 °C - - - - 96.5% 7
activated carbon NaOH (1 M) after 500
cycles
graphene Li,SOy/ethylene 1.0V -20°C 91 Fg! T4 F g! 81.32% 25.67% - 8
glycol/water (1 mA cm?) (1 mA cm?) (from 1 to 10
electrolyte single electrode  single electrode mA cm?)
activated carbon Li,SO, in 1.6V -40°C 87F g! 72F g'! 82.76% - - 9
water/methanol (02Agh (02Ag"h
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Table S3. The temperature dependence of specific capacitance, rate capability, R;, R,
and relaxation time constant for supercapacitor based on YP-50F active material and

(NaClO4)1,7/(H20)4‘7(ACN)3 solution.

Temperature (°C) 20 0 -20 -40 -50

Specific Capacitance 31.8 30.9 30.2 28.8 27.5
(Fgh

Rate Capability (%) 92.1 93.1 92.2 85.4 78.2

R; (Q) 1.03 1.32 1.98 5.68 11.5

R (Q) 1.55 1.90 2.86 6.47 12.3

T (s) 0.83 1.21 1.78 4.65 10.0




a 1.00 b 25
—20°C
—20°C ——-30°C —0°C
s 0.754 ——0°c ——-40°C 2.0 —-20°C
o —20°C —-30°C
< 0.504
z & i
0 0.25 @
5 g
o = 1.04
] o
= 0.00 2
[
5 025 T 051
o
-0.50 T T T T T 0.0 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 0 50 100 150 200 250 300 350
Potential (V) Time (s)

Figure S1. (a) The CV curves and (b) GCD curves of the supercapacitor based on 17

m NaClOy electrolyte at various temperatures.

As shown in Fig. Sla, when the operating temperature drops to -40 °C, the current
response in the CV curve is almost zero, indicating the failure of the device. The
highly concentrated salt in the WIS electrolyte inevitably precipitates on surface of
electrode material and separator at low temperatures, which blocks ions transfer,

resulting in the failure of the supercapacitor ultimately at -40 °C.
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Figure S2. (a) The solubility of NaClO, in ethylene glycol (EG), methyl alcohol
(Me), methyl acetate (MA), ethyl acetate (EA), acetonitrile (ACN),
dimethylformamide (DMF), acetone (ACE) and tetrahydrofuran (THF). The mass of
each organic solvent is 10 g. (b) The CV curves of supercapacitor based on active
carbon and (NaClOy), 7/(H,0),7(Me); solution at various temperatures. (¢) The CV
curves of supercapacitor based on active carbon and (NaClOy);-/(H,0)47(EG);
solution at various temperatures. (d) The CV curves of supercapacitor based on active
carbon and (NaClOy); 7/(H,0)47(MA); solution at various temperatures.

Besides previously reported ACN, other organic solvents, such as EG, Me, MA,
EA, DMF, ACE and THF, also can dissolve NaClO, easily. We speculate these
organic solvents would also have similar effect as ACN on suppressing salt
precipitation in highly concentrated solution. We choose Me, EG and MA as co-
solvent to prepare the hybrid electrolyte in the form of (NaClOy);-/(H,0)47(co-
solvent);. The as-prepared electrolytes using Me, EG and MA as co-solvent still

exhibit excellent electrochemical performance at subzero temperature.
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Figure S3. Magnified view of the regions near (a) cathodic and (b) anodic limits for
NaClOy-based solutions with different H,O/ACN molar ratio. In this system, a value

of 0.2 mA cm™2 was defined as the threshold for electrolyte decomposition.
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Figure S4. (a) Viscosities and (b) ionic conductivities of NaClOy4-based solutions with

different H,O/ACN molar ratio at room temperature.



Figure S5. The MD simulation snapshots for (a) (NaClOy);7/(H;0)47(ACN),
solution, and (b) (NaClOy); 7/(H,0),47(ACN), solution.
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Figure S6. The RDF for (a) Na-N*, and (b) Na-O= of NaClOy-based solutions with

different H,O/ACN molar ratio. N* stands for N atom in ACN, and O= stands for O

atom in H,O.
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Figure S7. The binding energies of H,O-H,0, H,0-NaClO4, ACN-ACN, and ACN-
NaClO4.



)
S
=3
3

S

(£]

= 8-
—e—(NaCl0,), /(H,0), (ACN), £ —=—(NaCIO,), ,{(H,0),;(ACN),
3004 —*—(NaCiO,),/(H,0),,(ACN), ; 150 —*—(NaCI0,), ,{H,0),,(ACN), g
—_: ——(NaClO,), (H,0), {ACN), £ —4—(NaCl0,), ,/(H,0), ,(ACN), X 74
= E
o~ >
E 2004 g 100 >
2 E E &1
‘@ &
6 1004 5 so g
=
: 3
o
0 = % 5
20 0 20 40 40 20 0 20 40 50 6 7 8 9 10 11 12 13
Temperature (°C) Temperature (°C) 1000/(T-T,) K"

Figure S8. (a)The viscosities and (b)ion conductivities of the three hybrid solutions at
various temperatures. (c)The ion conductivity of (NaClOy), 7/(H,0)47(ACN); solution
at various temperatures.

The measured ionic conductivity of (NaClOy); 7/(H,0)47(ACN); solution was fitted
by the Vogel-Tammann—Fulcher (VTF) empirical equation. The equation is described

as follow.25: 26

o(T) = AT~ 2exp( = E,/R(T - T)) @)

Where o(7) is the ionic conductivity; 4 is the pre-exponential factor; E, is the
activation energy; R is the ideal gas constant, and 7) is the ideal glass transition

temperature.
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Figure S9. The characterization of commercial active carbon (YP-50F). ((a) The
scanning electron microscope image of YP-50F. (b) The Raman spectrum of YP-50F.
(c) The nitrogen adsorption-desorption isotherms of YP-50F. (d) The pore-size
distribution of YP-50F.
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Figure S10. The electrochemical performance of supercapacitor based on active

carbon and (NaClOy),7/(H,0)47(ACN); solution at 20 °C. (a) The CV curves of

supercapacitor at different scan rates. (b) The GCD curves of supercapacitor at

different current densities. (c¢) The cycling stability of supercapacitor at the current

density of 2 A g1,

-]
&
=n

—10mVs"’ 200 mV s™
201——20mVs' ——400mVs"
——50mVs’ 600 mV's”

—100mVs"’
10 //’/

Current density (A g")

b

i
|
M|
il
\

X

Voltage (V)

50 100

"o

0.0 05 1.0 15 2.0 2.5
Potential (V)

150 200 250 300
Time (s)

Figure S11. CV curves at various scan rates (a) and GCD curves at various current

densities for based

(b)
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Figure S14. (a) The nitrogen adsorption-desorption isotherms of salt-templated
carbon material (STC). (b) The pore-size distribution of STC. (¢) The CV curves of
supercapacitor based on STC at 20 mV s’! at various temperatures. (d) The GCD
curves of supercapacitor based on STC at 0.5A g'! at various temperatures (¢) The
electrochemical impedance spectroscopy at various temperatures. (f) The internal

resistance (R;) and charge transfer resistance (R) at various temperatures.
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