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Abstract

Sodium-ion hybrid capacitors (SICs), which combine the high energy density of batteries with
the high power density and long cycle life of capacitors, are considered promising
next-generation energy storage devices. Ensuring the performance of SICs in low-temperature
environments is crucial for applications in high-altitude cold regions, where the desolvation
process of Na™ and the transport process in the solid electrolyte interphase (SEI) are
determinant. In this paper, we proposed a multi-ether modulation strategy to construct a
solvation sheath with multi-ether participation by modulating the coordination of Na™ and
solvents. This unique solvation sheath not only reduces the desolvation energy barrier of Na™,
but more importantly forms a Na,O-rich inorganic SEI and enhances the ionic dynamics of
Na™. Benefiting from the excellent solvation structure design, SICs prepared with this
electrolyte can achieve energy density of up to 178 Wh-kg~! and ultra-high power density of
42390 W-kg~! at room temperature. Notably, this SIC delivers record-high energy densities of
149 Wh-kg~! and 119 Wh-kg~! as well as power densities of up to 25200 W-kg~! and
24591 W-kg~! at —20 °C and —40 °C, respectively. This work provides new ideas for the
development of high-performance SICs for low-temperature operating environments.

Supplementary material for this article is available online
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1. Introduction

Hybrid ion capacitors are considered a promising energy stor-
age device by combining a battery-type negative electrode
and a capacitor-type positive electrode, which significantly
improves energy density while providing high power density
and long cycle lifel!=*. Currently, lithium-ion capacitors have
been successfully commercialized. However, the shortage of
lithium resources and high cost limit the further development
of lithium-ion capacitors. Compared to lithium-ion capacit-
ors, sodium-ion capacitors have lower costs, while the smal-
ler Stokes radius gives sodium-ion capacitors an advantage in
low-temperature operating environments'>~7!, Unfortunately,
however, the scarcity of operational data for sodium-ion capa-
citors in low-temperature operating environments severely
restricts their deployment in some high-altitude regions and
extremely cold climates. Therefore, it is necessary to fur-
ther explore the low-temperature performance of sodium-ion
capacitors.

Sodium ion capacitors (SICs) typically consist of a battery-
type hard carbon anode and a capacitance-type activated car-
bon cathode, together with ester-based (e.g., EC/DEC) or
ether-based (e.g., DME) electrolyte!®-°1. Due to the typical bat-
tery characteristics of the hard carbon anode, the slow ionic
dynamics on the anode side significantly affect the electro-
chemical performance of the SIC!!%~12!, Sodium ions inserted
into hard carbon undergo four steps. In a typical charging pro-
cess with NaPFg in EC/DEC (1: 1) electrolyte, for example,
1) solvated Na™ moves toward the anode in the electrolyte
under potential, 2) Na™ desolvates at the electrode/electrolyte
interface, 3) desolvated Na™ passes through the solid elec-
trolyte interface (SEI), and 4) Na™ is inserted into the body
phase of the hard carbon anode!'?:'#!, Notably, the desolva-
tion process of Na™ and the transport process of Na™ in the
SEI are considered to significantly affect the ionic dynam-
ics of Nat at low-temperature operating environments!'3!.
The desolvation process of Na™ in low-temperature operating
environments is closely related to the polar of solvent selected
and the solvation sheath formed by the selected solvent and
Na*'l, For example, the Na™ solvating sheath in commer-
cial ester-based electrolytes consists mainly of highly polar
carbonate molecules. The strong coordination of carbonate
molecules with Na™ is unfavorable for Nat transport and
desolvation in low-temperature operating environments!'’!. In
addition, highly polar solvent molecules tend to have higher
melting points, causing the electrolyte to solidify in low-
temperature working environments!'®]. Replacing the carbon-
ate with a low-polarity solvent (e.g., an ether solvent) can
reduce the binding energy between Na' and the solvent,
making Na™ easier to desolvate!'°-2!1, Unfortunately, how-
ever, the weak polarity of the ether-based molecules and their
weak coordination with Na* easily lead to the precipitation
of sodium salts (e.g., NaPF¢) and the solidification of the
electrolyte at temperatures higher than the freezing point in
low-temperature environments. At present, the vast majority

of ether-based electrolytes still have relatively low ionic con-
ductivity in low-temperature environments, which could not
satisfy the operational requirements in low-temperature envir-
onments. It is necessary to prepare ether-based electrolytes
with high ionic conductivity in low-temperature environments
through rational electrolyte chemistry.

The composition of the SEI on the anode surface also
influences the ionic transport of Na™ in the low-temperature
operating environment!??). It is worth noting that the com-
position of the SEI is also closely related to the Na™t solva-
tion structure!>}!. Previous work has shown that SEIs com-
posed of unstable organic sodium salts and sodium carbon-
ate lead to degradation of anode performance!?*!. The gen-
eral strategy is to reduce the amount of solvent in the Na™
solvation sheath by using a lower polarity solvent, so that
more anions are involved in the solvation sheath structure, and
the solvent-dominated solvation structure is gradually trans-
formed into an anion-dominated solvation structure!>>-2%. The
anions are reduced at the anode surface, forming an anion-
derived inorganic SEI (e.g., NaF). The anion-derived NaF-
based SEI is usually considered to be favorable for fast Na™
transport>’!. However, recent studies in lithium-ion batter-
ies have shown that LiF has lower ionic conductivity and
higher diffusion energy barriers for lithium ions compared
with other inorganic lithium salt’>®:?°!, Among them, Li,O
has been proven to have lower ionic diffusion energy bar-
riers and higher ionic conductivity. The ionic dynamics of
LiT can be significantly enhanced by constructing Li,O-
dominated SEIs!**:3! This provides a good inspiration for
Na™ transport in low-temperature operating environments.
Unfortunately, however, there are no relevant reports on
Na,O-rich SEIs. It is an attractive strategy to enhance the
ionic dynamics of Na™ in low-temperature operating envir-
onments by modulating the Na™ solvation sheath structure to
reduce the desolvation energy of Na™ while constructing a
Na,O-rich SEI

Here, we propose a rational solvation modulation strategy
to modulate the solvent structure of the solvated sheath by
using ether-based solvents containing different numbers of
ether bonds (THF, DME, and DIG). Multiple solvents involved
in the solvation sheath decreased the desolvation energy of
Na™. More importantly, the Na,O-rich inorganic SEI derived
from this unique solvated structure ensures rapid Na™ trans-
port in the SEI and enhances the ionic kinetics of Na™ in low-
temperature operating environments. Benefiting from the fast
Na™ ionic kinetics, the HC anode achieves a specific capacity
of 331 mAh-g~! at 0.05 A-g~! current density at —40 °C, and
maintains a specific capacity of 200 mAh-g~ ' evenat2 A-g~ .
SICs constructed with hard carbon (HC) and activated carbon
(AC) have energy densities of up to 178 Wh-kg~' and power
densities of up to 42 390 Wh-kg ~! in a room-temperature oper-
ating environment. Energy densities of up to 149 Wh-kg™!
and 119 Wh-kg~! were achieved at temperatures of —20 °C
and —40 °C. To our knowledge, these are the highest val-
ues achieved to date for SICs in low-temperature operating



Int. J. Extrem. Manuf. 7 (2025) 045504

Designing electrolyte with multi-ether solvation structure enabling...
LiuD et al.

environments. These impressive performances provide new
insights into the design of SICs for low-temperature operating
environments.

2. Results and discussion

The solvated structure of Nat has a great influence on the
performance of SICs. We expect to construct a Na™ solvation
sheath formed by a variety of low-polarity ether-based solvents
to improve the solvation behavior of Na™. At the same time,
through modulation of the Na™ solvation structure, we suc-
cessfully optimized the solid electrolyte interphase (SEI) com-
position, thereby achieving a ‘dual-acceleration’ effect on Na™
transport kinetics, as evidenced in Figures 1(a) and (b). After
careful selection, we chose the solvents THF, DME, and DIG
containing 1, 2, and 3 numbers of ether groups, respectively.
THEFE, DME, and DIG have similar dielectric constants (¢) and
donor numbers (DN) (Table S1). This ensures that they have
similar solvation behavior in the electrolyte. To involve each
solvent in the solvation sheath, we formulated the 1 M NaPFg4
in THF/DME/DIG (1: 1: 1 vol%) electrolyte, abbreviated as
TE, by mixing these solvents in equal proportions. To ensure
that the electrolyte has a high ionic conductivity, it is necessary
to first make sure that the electrolyte stays in the liquid state
under a low-temperature operating environment. Among sev-
eral electrolytes composed of different solvents, 1 M NaPFg in
TE remained liquid at —60 °C, while single-ether electrolytes
(1 M NaPF¢ in THF, DME, and DIG, denoted as NaT, NaD,
and NaG, respectively) and 1 M NaPFg in EC/DEC electrolyte
underwent coagulation, as shown in Figures 1(c) and (d). This
is due to the increase in solvent type elevates the entropy of
the electrolyte system and lowers the crystallization point of
the electrolyte!*?). DSC test shows similar results (Figure S1).
Compared to single-ether electrolytes, the crystallization point
of TE electrolytes can reach up to —76 °C, which ensures the
stable operation of the SICs in the low-temperature operating
environment. The ionic conductivity at different temperatures
was characterized by electrochemical impedance spectroscopy
(EIS) (Figure S2). The ionic conductivity of NaT, NaD, and
NaG decreases significantly with decreasing temperature. The
TE electrolyte exhibits an ionic conductivity of 2.34 mS-cm ™!,
which far exceeds ionic conductivities of 0.948 mS-cm~!
(NaT), 0.146 mS-cm~' (NaD), 0.496 mS-cm~! (NaG) and
0.054 mS-cm~! for the commercialized electrolyte EC/DEC
(Figures 1(e) and (f)) at —40 °C. The ion transport activa-
tion energy (AE) can be obtained by mathematically fitting
the ion conductivity and temperature. The ion transport activ-
ation energy of TE electrolyte is 0.228 eV, lower than the
activation energy of the single-ether electrolytes of 0.382 eV
(NaT), 0.524 eV (NaD), and 0.90 eV (NaG) (Figure 1(g)).
This implies better ionic kinetics of Na™ in TE electrolytes in
low-temperature operating environments. In contrast, the ionic
conductivity of the commercial electrolyte decreases abruptly
at —30 °C, even it cannot be fitted to the activation energy
(Figure S3).

The Na™ solvation structure is directly related to the Na*
ion transport dynamics of the SIC. To better understand the
effect of solvent diversity in solvated sheaths on Na™ transport
dynamics, the electrolyte with different solvents was simu-
lated with classical molecular dynamics (MD). In Figures 2(a)
and S3, the radial distribution function of Nat in TE elec-
trolyte and single-ether electrolyte all showed a typical con-
tact ion pair (CIP) structure!**!. Remarkably, MD simulations
unveil a distinctive solvation configuration in the TE electro-
lyte, with each Na™ coordinated by 2.9 THF, 0.5 DME, 0.5
DIG molecules, and 0.78 PF¢_ anions, demonstrating effect-
ive multi-ether participation. Furthermore, the Na™ solvated
sheath in the TE electrolyte did not change significantly at
—40 °C (Figure 2(b)), it is suggesting that Na™ could have
room temperature-like desolvation behavior in TE electrolytes
in low-temperature environment. Owing to this unique solva-
tion structure, TE electrolyte has minimal desolvation energy
compared to single-ether electrolytes at room temperature and
—40 °C (Figure 2(c)), this allows the Na™ more easily desolva-
tion, which implies that the TE electrolyte can enhance the
ionic kinetics of Na* and provide better performance in low-
temperature operating environment.

Fourier transform infrared (FT-IR) spectroscopy further
revealed the unique solvated structure in 1 M NaPF¢-TE elec-
trolyte (Figure 2(d)). In this case, the free THF solvent has a
characteristic peak at 908 cm ™' assigned to the C-O-C stretch-
ing vibration. The free DIG and DME solvents each have a
characteristic peak near 1103 cm™! characterizing the C-O-
C stretching vibration. The peak intensity of the free solvents
was significantly lower compared to the pure solvent, indic-
ating that more solvent was involved in the Na™ solvated
sheath. Due to the coordination of Nat with the solvent, the
characteristic peaks of coordination with Na™ appeared at
1056 cm~! (THF), 1 081 cm~! (DME), and 1 079 cm~! (DIG)
in the single-ether electrolyte. A wide bulge peak appeared
between 1093 cm~!—1043 cm™! in TE electrolyte, suggest-
ing three ether-based solvents are coordinated to Na™, which
are all involved in the solvated sheath. Raman spectra of 1 M
NaPF¢-TE electrolyte shows similar results (Figure 2(e)). The
peaks at 910 cm ™!, 860 cm™" and 850 cm~! were assigned
to the coordination characteristic peaks of Na™-THF, Na*-
DME, and Na™-DIG, respectively. indicating the THF, DME,
and DIG are all coordinated to Na®. The intensity of the
NaT-solvent coordination peak of the TE electrolyte was sig-
nificantly lower than the single-ether electrolyte, indicating
that the coordination capacity of Na® with the solvent was
weakened and the desolvation energy was reduced, and Na™
was more easily desolvated. In addition, the solvated struc-
ture of Na™ was fitted from the range of 720 cm~!-760 cm ™!
in Raman spectra (Figures 2(f) and S5). Notably, the ratio of
CIP was up to 73.2% in the TE electrolyte, higher than NaT
(46.9%), NaD (62.6%) and NaG (59.9%). Furthermore, the
ratio of SSIP only was 7.7% in the TE electrolyte, far lower
than single-ether solvent electrolyte of 29.5% (NaT), 19.4%
(NaD), and 24.5% (NaG). MD simulations showed the sim-
ilar results (Figures 2(g) and S6). The higher CIP and lower
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Figure 1. The Na™ transport behavior in (a) single-solvent and (b) multi-solvent electrolytes, the digital photographs of each electrolyte placed
in (c) room temperature and (d) —60 °C environments. (¢) The ionic conductivity of each electrolyte at —40 °C. (f) The ionic conductivity
of each electrolyte at different temperature. (g) The activation energy of each electrolyte fitting by the Arrhenius equation.

SSIP structure would make Na™ desolvation easier and, more
importantly, facilitate the formation inorganic-rich SEI34.
The composition of the SEI has significant influence on
the ionic dynamics of Na™* and the electrochemical perform-
ance of SICs (Figures 3(a) and (b)). The composition and dis-
tribution of SEI on the HC surface were investigated using
x-ray photoelectron spectroscopy (XPS) (Figure S7). The
depth-dependent elemental composition profiles presented in
Figure 3(c) reveal distinct distribution patterns during sputter-
ing. Notably, the F 1s signal maintains a consistently low con-
centration (<3%) throughout the sputtering process. A clear
inverse correlation emerges between carbon and oxygen/so-
dium constituents: the C 1s concentration exhibits a signific-
ant reduction with prolonged sputtering time, whereas the O
1s and Na 1s concentrations demonstrate progressive enrich-
ment. This indicates the formation of Na,O-rich SEI. The
formation of Na,O-rich SEI is evidenced by the characteristic
peaks of Na,O (~530.2 eV) in the Ols spectra (Figure 3(e)),
and the characteristic peak intensity increases gradually with
increasing sputtering time, indicating that the Na,O content
of the SEI increases gradually from outside to inside, which
is consistent with the curve of the elemental ratio of the O 1s.

To further investigate the structure and composition of SEI,
we assembled a Na | TE | Cu cell. The Na-Cu cell was able
to form SEI when Na was deposited on the surface of Cu
foil, while the composition and structure of SEI were char-
acterized by transmission electron microscopy (TEM). TEM
image (Figure S8(a)) shows that the inorganic components in
SEI are mainly Na,O (lattice streaks in yellow circles) and
Na,COj (lattice streaks in orange circles), where Na,O is
the main component of SEI. Polycrystalline diffraction rings
of Figure S8(a) formed by fast Fourier transformation (FFT)
(Figure S8(b)) demonstrate the presence of only Na,O and
Na,COs in SEI, while no lattice streaks of NaF are found. The
Na,O-rich SEI structure matches the results of the XPS test.
Surprisingly, in previous studies, SEI derived from solvent
molecular usually contains a large amount of organic sodium
salts. The organic sodium salt-rich SEI dissolves easily dur-
ing cycling, leading to significant reduction in SIC lifespan.
Compared to organic sodium salts, inorganic sodium salts are
thinner and more stable!*>]. To obtain inorganic SEI, the gen-
eral strategy is to construct anion-dominated solvated struc-
tures (CIP or AGG) to form inorganic sodium salt-rich SEI
structure (the majority of NaF)[*¢!. However, by constructing
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Figure 2. The Na™ radial distribution functions of 1 M NaPFe-TE at (a) room temperature and (b) —40 °C, and the inner picture is the
snapshot of solvation structure (below picture) extracted from MD simulation of 1 M NaPF-TE electrolyte at room temperature. (c) The
desolvation energy of different ether-based electrolyte at room temperature and —40 °C, (d) the FT-IR spectra and (¢) Raman spectra of
NaPFg, solvent, single-ether electrolyte, and 1 M NaPFe-TE electrolyte. (f) The fitted SSIP, CIP, and AGG solvation structure collected from
Raman spectra of 1 M NaPF4-TE electrolyte at room temperature, (g) the ratio of solvated structures (SSIP, CIP, and AGG) of different

ether-based electrolyte at room temperature based on MD simulation.

a solvation sheath with multi-ether solvents, the anion-derived
SEI is transformed into an inorganic Na,O-rich SEI derived
from ether-based solvents. The Na™ transport energy barri-
ers in NaF and Na,O were calculated (Figure S9). The res-
ults showed that the Na™ transport energy barrier in Na,O was
smaller than NaF, indicating that the Na, O-rich SEI was more
favorable for rapid Na™ transport and enhanced the Na* ionic
kinetics. Therefore, we adopt multi-ether solvent modulation
strategy to modulate Na™ solvation structure, successfully
promoting the desolvation of Na™, and construct Na,O-rich
SEI favor to fast ion transport. It provides a powerful support
for the fast transport of Na™, especially in low-temperature
operating environments.

The electrochemical performance of SICs is controlled by
the HC anode kinetics due to the difference between the anode
and cathode kinetics of SICs!*’!. In order to comprehens-
ively evaluate the impact of multi-solvent modulation solva-
tion sheath strategy on the electrochemical performance of
SIC, the electrochemical performance of HC anode in 1 M
NaPFs-TE electrolyte was first characterized. The HC anode in

1 M NaPF¢-TE electrolyte exhibited impressive specific capa-
cities of 420, 393, 384, 372, 353, 335 rnAh~g*1 obtained at
0.05,0.1,0.2,0.5,1and 2 Aog*1 in room temperature environ-
ment, respectively (Figure 4(a)). Rate performance is superior
to commercial electrolytes EC/DEC and single-ether electro-
lytes (Figure 4(b)). It is attributed to the fast Na™ ionic kinet-
ics in the 1 M NaPF¢-TE electrolyte. The Na™ ionic dynamics
in the 1 M NaPF;-TE electrolyte were further revealed using
electrochemical impedance spectroscopy (EIS) (Figures 4(c)
and S10). We fitted the EIS curves based on the equivalent
circuit (Figure S11). Benefiting from the Na,O-rich SEI with
lower transport barrier, the impedance of the SEI (Rgg;) in
1 M NaPF¢-TE electrolyte is 0.4 €2, which is lower than that
of commercial electrolytes EC/DEC with 88 €2, and single-
solvent electrolytes with 1.1 £2 (THF), 0.7 2 (DME), and 1.7 Q2
(DIG) (Figure 4(d)). To evaluate the stability of HC anode in
TE electrolyte, the cycle performance of HC was tested in 1 M
NaPF¢-TE. The HC anode can maintain 95% specific capacity
after 200 charge/discharge cycles at 0.1 A-g~!, demonstrat-
ing excellent cycle stability (Figure 4(e)). It could attribute to



Int. J. Extrem. Manuf. 7 (2025) 045504

Designing electrolyte with multi-ether solvation structure enabling...
LiuD et al.

60 = -
(@) Multi-ether solvent electrolyte (b) Normal solvent electrolyte (© 50 o+ Na——F 0—-C
X
S 401
Stable SEI ¢ ® Dissolved) E 30
lFast Slowl S 201
<
104
HC HC . . .
0+—¥ - - T . :
@ 0 10 20 30 40 50
Na® NaF Na,CO, Na,0 ROCOONa Sputtering time/s
(dfo's cc Cts ©os o1s 1M [os —
C=0/CO,

Na KLL

QRO

290 285 280 540 535

Binding energy/eV

685
Binding energy/eV

525 695

530
Binding energy/eV
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in XPS spectra.

the lower desolvation energy of Na™ in the 1 M NaPFs-TE
electrolyte, which avoids the co-insertion of Na™ and solvent
molecules. Meanwhile, the stable Na,O-rich SEI avoids elec-
trolyte loss from SEI dissolution, and the low Rggy ensures
rapid Na* transport in the SEI. For evaluating the applicability
of 1 M NaPFg-TE electrolyte in high-altitude cold regions, the
electrochemical performance of half-cells assembled with 1 M
NaPFg-TE electrolyte was tested at —40 °C. The HC anode
exhibited an ultra-high specific capacity of 331 mAh-g~! at
0.05 A-g—! at —40 °C, far higher than the commercial electro-
lytes EC/DEC of 11 mAh-g~! and single-ether electrolytes of
258 mAh-g~! (THF), 112 mAh-g~! (DME) and 82 mAh-g~!
(DIG) (Figure 4(f)). Due to the unique solvated structure, the
rate performance of HC in TE electrolyte is much better than
EC-based electrolyte and single-ether electrolytes at —40 °C
(Figure 4(g)). In addition, the HC anode shows excellent spe-
cific capacity of 325, 314, 298, 270, and 200 mAh~g_l at
0.1, 0.2, 0.5, 1 and 2 A~g_'current densities, respectively,
demonstrating impressive low-temperature rate performance
(Figures 4(h) and S12). The kinetic behavior of Nat at —40 °C
operating environment was studied by EIS (Figure S13(a)).
The HC anode in TE electrolyte exhibited very low Rggr
(4.9 Q) and R, (4.6 ) at —40 °C, demonstrating excellent

low-temperature ionic dynamics. In contrast, commercial EC-
based electrolyte and single-ether electrolytes showed a sharp
impedance increase at —40 °C (Figures S13(b) and (c)), indic-
ating the slow ionic dynamics of Na™. This leads to their poor
rate performance at at —40 °C, consistent with the test results
in Figure 4(g).

For evaluating the application of 1 M NaPF-TE electro-
Iyte in devices, sodium ion hybrid capacitors (HCIIAC) were
assembled using activated carbon as the cathode, as shown
in Figure 5(a). Before the SICs were assembled, the electro-
chemical performance of the AC cathode in the 1 M NaPF4-TE
electrolyte needed to be characterized at first. The AC cathode
shows approximately rectangular cyclic voltammetry (CV)
curves (Figure S14), indicating AC cathode follows the typ-
ical electronic double layer (EDL) mechanism. In addition, the
AC cathode has excellent rate performance (Figure S15). The
specific capacity of 74 mAh-g~! at 10 A-g~! current density
provides up to 86% capacity retention compared to the capa-
city at 0.05 A-g~! current density (86 mAh-g~!). Outstanding
rate performance indicates that the 1 M NaPF¢-TE electro-
Iyte is well-compatible with the AC cathode. Meanwhile, the
higher specific capacity can better cooperate with the capacity
of HC anode, so that the SIC can obtain better electrochemical
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Figure 4. The electrochemical characterization of HC anodes. (a) The galvanostatic charge-discharge of HC in 1 M NaPF-TE electrolyte
at room temperature. (b) The rate performance of different electrolytes at room temperature. (c) The Nyquist plot of HC anode in different
electrolytes at room temperature. (d) The fitted R, Rsgr and Ree of HC anode in different electrolytes. (e) The cycling performance and

coulombic efficiency of HC anode at 0.1 A-g™!

at room temperature. (f) The specific capacity of HC anode using different electrolytes at

0.1 A-g~! in —40 °C. (g) The rate performance of HC anode in different electrolytes at —40 °C. (h) The rate performance of HC anode in

1 M NaPF-TE electrolyte at room temperature and —40 °C.

performance. The cycling stability of the AC cathode was
systematically evaluated under a constant current density of
1 A-g~!. As demonstrated in Figure S16, the electrode exhib-
ited excellent capacity retention with 80% of its initial capa-
city preserved after 1 000 continuous charge/discharge cycles.
Linear sweep voltammetry (LSV) measurements showed that
the 1 M NaPFq-TE electrolyte achieved high anodic stability
of 4.20 V (Figure S17), implying SIC potential usability at
high voltage. The HC was pre-sodiation firstly before the SIC
assembling, which could minimize the capacity loss caused
by the electrolyte depletion. SIC was assembled by combining
HC and AC in a 1: 2 active substance mass ratio. Figure 5(b)
shows the CV curves of the HC anode and AC cathode at
1 mV-s~!, revealing the combined energy storage mechan-
isms of the Faradaic and EDL processes. The galvanostatic
charge-discharge (GCD) curves show typical capacitive fea-
tures (Figure 5(c)), demonstrating the SIC is mainly controlled
by the EDL mechanism. The SIC shows excellent rate per-
formance with specific capacities of 79, 62, 54, 50, 48, 45, 39,
and 34 mAh-g~! at 0.05, 0.1, 0.2, 0.5, 1,2, 5, and 10 A-g~ !,

respectively, in the room-temperature environment. It is attrib-
uted to the well matching of kinetics and capacity between
HC anode and AC cathode in the 1 M NaPF¢-TE electrolyte.
In addition, the cycling stability of the SIC was evaluated in
room-temperature environment. The SIC shows excellent cyc-
ling stability with a capacity retention of 96% after cycling
2000 cycles at 2 A-g~! current density (Figures 5(d) and S18).
When the voltage window was setto 1 V — 3.7 V, the capa-
city retention of SIC was 80% after 9 000 cycles at 5 A-g~—!
(Figures S19 and S20).

To evaluate the applicability of the SICs in extreme envir-
onments, the SICs electrochemical performance was tested in
low-temperature operating environment. Compared to the spe-
cific capacity at 0.1 A-g~! at room temperature, the capacity
retention at —20 °C and —40 °C is 73% (45 mAh-g~') and
64% (40 mAh-g~!) (Figure 5(e)), respectively, demonstrating
excellent low-temperature rate performance. In addition, the
SIC maintains specific capacity of 15 mAh-g~! at 10 A-g~!
current density at —40 °C operating environment, which is the
best performance of the SIC in —40 °C operating environment
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Figure 5. The electrochemical characterization of SIC. (a) The operating principal schematic of SIC, (b) CV curves of HC anode (left) and AC
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until now. The Ragone plot shows the energy density of the
SIC at different power densities as shown in Figure 5(f). The
SIC achieves the energy density of 178 Wh-kg~! at a power
density of 109 W-kg~! in room temperature environment.
The energy density can reach 70 Wh-kg~! at a power dens-
ity of 22909 W-kg~! and even maintains a high energy dens-
ity of 47 Wh-kg~! at a power density of 42390 W-kg~!.
More importantly, the SIC shows impressive energy density
in low-temperature operating environment. The SIC shows
excellent energy densities of 149 Wh-kg~! (122 W-kg~!) and
119 Whkg=! (126 W-kg~!) in —20 °C and —40 °C oper-
ating environments, respectively. Even at high power densit-
ies of 25200 W-kg~! and 24 591 W-kg~!, the SIC maintains
impressive energy densities of 42 Wh-kg~! and 35 Wh-kg ™!
at —20 °C and —40 °C, respectively. To our knowledge, this is
the best performance of the SICs in low-temperature operating
environments so far. More significantly, these performances
approach or even exceed the reported literature of lithium-
ion capacitors (LICs) (Figure S21). Furthermore, the stability
of the SIC in a low-temperature operating environment was

evaluated (Figures 5(g) and S22). The capacity retention was
84% after 2 000 cycles at 2 A-g~! current density at —40 °C.
Furthermore, the SIC was still functional after 9000 cycles
and provides a specific capacity of 9 mAh-g~! (Figure S23).
All of the above excellent performances demonstrate that the
SIC based on 1 M NaPFg-TE electrolyte is an ideal energy
storage device in low-temperature operating environments.

In conclusion, we propose a new electrolyte design strategy
and successfully realize a SIC combined of high energy dens-
ity and high power density running stably in a low-temperature
operating environment. Introducing a variety of ether-based
solvent molecules into the Na™ solvation sheath reduces the
desolvation energy of Na™. More importantly, the unique
Na™ solvation structure derives Na,O-rich inorganic SEI,
which ensures fast ionic kinetics of Na™ in different tem-
perature operating environments. The HC anode maintains
high specific capacity of 331 mAh-g~!' (0.05 A-g~!) and
200 mAh-g=! (2 A-g~") at —40 °C. The assembled SIC
achieves an ultra-high energy density of 119 Wh-kg~! (power
density of 126 W-kg~!) and an impressive power density of
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24591 W-kg~! (energy density of 35 Wh-kg~!) at —40 °C.
This work provides a new design strategy for the development
of high performance SICs for low-temperature operating.
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