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Electrochemical capacitors (ECs) are promising energy storage devices due to their superior power
density and outstanding cycling stability. The development of EC electrolytes is of key importance to
further promote their energy density and overall performance. Herein, we report molten salts as a new
electrolyte category for ECs with superior performance. The molten-salt-based EC (MS-EC) device
assembled with an AlClz—NaCl-LiCl electrolyte and activated carbon electrodes provided an ultrahigh
energy density of 50.4 W h kg™! at a power density of 1.1 kW kg at 125 °C. The energy storage process

Received 21st June 2022, is clarified to follow a physisorption—chemisorption combined mechanism originating from electrolyte
Accepted 15th September 2022 nanoconfinement effects. MS-ECs also demonstrate high cycling stability (99.8% capacitance retention
DOI: 10.1039/d2ee01969h after 10000 cycles), low cost, and capability for long-duration energy storage (over 90% voltage

retention after 25 days at room temperature). This study provides insights into the research on energy
rsc.li/ees storage mechanisms and broadens the application field of ECs.

Broader context

Electrochemical capacitors (ECs) are characterized by high power density, long cycle life, and low maintenance costs. As a result, they have essential application
prospects for high-rate energy harvesting, storage, and delivery. A major concern of EC devices is their relatively low energy densities compared with batteries.
Electrolyte materials, which can be classified into various types including aqueous, organic, and ionic liquid systems, fundamentally affect the device
performance. However, aqueous electrolytes are limited by their narrow electrochemical windows, while the ionic conductivity of organic and ionic liquid
electrolytes is relatively low. Herein, molten salts with high ionic conductivity, wide electrochemical windows, low raw material costs, and high safety are
reported as a new electrolyte category for high-performance ECs. Molten-salt-based ECs (MS-ECs) with commercial activated carbon electrodes deliver ultrahigh
energy densities of over 50 W h kg™ '. The energy storage process of MS-ECs is revealed to follow a physisorption-chemisorption combined mechanism
originating from the electrolyte nanoconfinement effect. Moreover, by utilizing the ion insulation characteristics of the molten salt in the solid state, we
propose that long-duration energy storage can be realized by cooling down the electrolyte. The design of the MS-EC system not only improves the device energy
densities but also has a far-reaching scientific value for research on energy storage mechanisms.
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into three types: aqueous, organic, and ionic liquid electro-
Iytes.® Aqueous electrolytes commonly exhibit the advantages of
high ionic conductivity (up to 1 S em %), low cost, ease of
handling, and nonflammability.'® However, high energy den-
sity is hard to achieve for ECs based on aqueous electrolytes
due to the narrow electrochemical windows of these aqueous
solutions.”" ECs based on organic or ionic liquid electrolytes
currently dominate the commercial market because of their
wider operational potential windows."” Nevertheless, the lower
ionic conductivity and higher viscosity of non-aqueous electro-
lytes may hinder ion migration and penetration, leading to
lower specific capacitances of the electrode and inferior rate
capability.' Furthermore, safety concerns related to the flamm-
ability, volatility, and toxicity of organic electrolytes and the
high prices of ionic liquid electrolytes are imminent problems
that need to be solved.'>"?

Inorganic molten salts have been investigated as electrolyte
materials for high-temperature batteries."*"” They consist of
ions with various valences, which are in direct contact due to
the absence of solvents.'® The high mobility of the ions results
in high ionic conductivity and superior rate capability of the
energy storage devices.'® As a result, we propose that molten
salt electrolytes may provide new opportunities to improve the
energy and power densities of ECs. Additionally, molten salt
electrolytes are characterized by wide electrochemical windows,
low raw material costs, non-flammability, and non-toxicity.”**"

In practice, multicomponent salt mixtures are prepared to
reduce the melting points and broaden the operating tempera-
ture windows of the electrolyte systems, which is essential for
smart grid systems.’”**?3 It is worth noting that the tempera-
ture difference inside the module should be less than 5 °C for
room-temperature ECs.>* The required thermal management
systems may lead to increased weight and cost.”>*>® Moreover,
applying a molten salt electrolyte enables the corresponding EC
device to operate in harsh application environments, including
deep reservoirs in the oil and gas industry (up to 200 °C), high-
temperature regions around internal combustion engines or
fuel cells in hybrid electric vehicles (up to 300 °C), and even
planetary surfaces for space exploration (up to 480 °C).””~>°

Herein, we propose high-performance ECs constructed with
an AlCl;-NaCl-LiCl molten salt electrolyte and activated carbon
(AC) electrodes. The energy storage process of the molten-salt-
based EC (MS-EC) was identified to follow a physisorption—
chemisorption combined mechanism, which was attributed to
the unique properties of the molten salt electrolyte confined in
the nanopores of the electrode. The electrode capacitance was
significantly higher when using the AlCl;-NaCl-LiCl electrolyte
(419 F g ' at 125 °C) compared to other non-aqueous electro-
Iytes (typically smaller than 150 F g~ '). MS-EC devices delivered
an ultrahigh energy density of 50.4 W h kg™ " at a power density
of 1.1 kW kg™ * at 125 °C compared to around 15.0, 25.0, and
35.0 W h kg~ ' for ECs based on aqueous, organic, and ionic
liquid electrolytes, respectively. The self-discharge of the devices at
different temperatures was also systematically analyzed, and long-
duration energy storage (25 days) with over 90% voltage retention
was realized by cooling down the electrolyte to its solid state.
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In addition, molten salts with different compositions, melting
points, and electrochemical windows were successfully applied
as electrolytes, proving the universal application of suitable
molten salts for EC systems.

Results
MS-EC configuration and electrolyte properties

Fig. 1a displays the configuration of the MS-EC device. Both
electrodes were fabricated from commercial AC powders
with Mo meshes and Ta wires as current collectors. A glass
fiber separator was placed between the electrodes to prevent
short circuits, and a stainless-steel vessel was filled with the
solid AICl;-NaCl-LiCl electrolyte. After being sealed for gas
tightness, the device was heated to a specific temperature for
testing.

The employed AC powders possessed particle sizes on the
micron scale with mainly non-crystalline structures (Fig. S1,
ESI¥). They exhibited a specific surface area of 2070 m* ¢~ * with
pore width diameters concentrated in the range of 0.5-1.5 nm
(Fig. S2, ESIT). According to the X-ray photoelectron spectro-
scopy (XPS) results, four characteristic peaks were centered at
284.5, 285.7, 287.2, and 290.1 eV in the C 1s spectrum,
representing C-C/C—C, C-N, C=0, and O-C==O0 as the present
carbon species, respectively (Fig. S3, ESIt).>° To determine the
extent of graphitization, Raman spectra and X-ray diffraction
(XRD) patterns were recorded. Both the D band (~1327 cm™ ")
and G band (~1580 cm™ ") were present in the Raman spectrum
with a relative intensity ratio (Ip/I) of 1.01 (Fig. S4, ESIT). As seen
in Fig. S5 (ESIT), two peaks at 20 = 26.6° and 43.5° were observed
in the XRD pattern, which corresponded to the (002) and (100)
planes of graphitic carbon and indicated structures of graphitic
stacking. Freestanding AC electrodes with different thick-
nesses were fabricated, and the AC particles adhered together
according to the scanning electron microscopy (SEM) images
(Fig. S6 and S7, ESIY).

The AlCl;-NaCl-LiCl salt mixture was prepared as the elec-
trolyte with a molar ratio of 0.6:0.2:0.2, which is close to the
eutectic composition.*” The melting point of the electrolyte
system was as low as 82 °C (Fig. S8, ESIt), allowing MS-ECs to
be operated within a wider temperature range. Peaks of AlCl;,
NaAlCly, and LiAICl, were observed in the XRD patterns of the
electrolyte in the solid state (Fig. 1b). Fig. 1c demonstrates the
Raman spectra of the electrolyte at 25 and 125 °C. The peak at
349 em™" was assigned to the normal vibration modes of the
tetrahedral moiety of “AlCl,”, while the peak at 305 cm™*
corresponded to AICl; in the solid state.** Broadening of the
Raman peaks at 125 °C indicated a higher degree of structural
disorder of the electrolyte in the liquid state, and the three
peaks located at 316, 365, and 518 cm ' were attributed to
AICl,, Al,Cl,~ and Al,Clg, respectively.*3°

For further research on the microstructure of the molten salt
system, molecular dynamics (MD) simulations were performed.
Fig. 1d demonstrates a representative simulation snapshot,
in which Na" and Li" were uniformly dispersed, and no obvious

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 MS-EC configuration and electrolyte properties. (a) Schematic diagram of the MS-EC device. (b) XRD pattern of the AlClz—NaCl-LiCl electrolyte at
25 °C. (c) Raman spectra of the AlClz—NaCl-LiCl electrolyte at 25 and 125 °C. (d) Representative simulation snapshot of the AlClz—NaCl-LiCl system
at 125 °C calculated using MD simulations. (e) RDFs and (f) coordination number integral curves of the Al-Cl, Al-Al Al-Na, and Al-Li ion pairs
of the AlClz—NaCl-LiCl system at 125 °C calculated using MD simulations. (g) lonic conductivities at different temperatures and digital photos of the
AlClz—NaCl-LiCl electrolyte in the solid and molten states. (h) CV curves of the AlClz—NaCl-LiCl electrolyte in the voltage ranges of —0.05 to 2.5 V (black)

and 0.1-2.1V (red) at 125 °C at a scan rate of 10 mV s™%.

agglomeration was observed. Statistical results of the radial
distribution functions (RDFs) of some ion pairs in the system
are demonstrated in Fig. 1e. The first peak radius of the Al-Cl
ion pair was significantly smaller than those of Al-Al, Al-Na,
and Al-Li ion pairs, which means the Cl”~ ions mostly gathered
around AI** ions to form complexes (AICl, ™, Al,Cl,, etc.). The
existence of Al,Cl,” ions was confirmed by the Al-Al ion pair
RDF, from which two peaks with corresponding radii of 0.56
and 0.63 nm could be seen. The radius of the left peak was
0.08 nm smaller than the length of two Al-Cl bonds, indicating
pairs of AI>* ions linked by common Cl~ ions.*® Furthermore,
the coordination number integral curves of the Al-Li and Al-Na
ion pairs showed no apparent differences, which can be attri-
buted to their similar ion diameters (Fig. 1f).

The ionic conductivity of the AIC1;-NaCl-LiCl electrolyte was
tightly correlated with temperature. In Fig. 1g, when the
temperature was below the melting point of the electrolyte,
the ionic conductivity was nearly zero. The electrolyte turned
into a colorless transparent melt and exhibited an ionic

This journal is © The Royal Society of Chemistry 2022

conductivity of 0.05 S cm™" at 90 °C. The conductivity further
increased to 0.14, 0.16, 0.20, and 0.25 S cm ™! at 100, 125, 150,
and 175 °C, respectively. Cyclic voltammetry (CV) tests were
performed at a scan rate of 10 mV s ' to determine the
electrochemical window of the electrolyte (Fig. 1h). Al deposi-
tion started at —0.01 V vs. AI**/Al with a corresponding anodic
peak at 0.06 V, while the reaction of the chlorine gas evolution
occurred when the potential was higher than 2.2 V. Negligible
side reactions were observed in the potential range of 0.1-2.1 V
vs. AP*/AL

Energy storage mechanisms

CV tests were performed to evaluate the electrochemical per-
formance of the AC electrode in the AlCl;-NaCl-LiCl molten
salt electrolyte (Fig. 2a). The calculated specific capacitance of
the electrode was 419 F g~ ' at a scan rate of 5 mV s ', which
decreased to 209 F g~ at a scan rate of 100 mV s~ '. The CV
curves presented nearly rectangular shapes with a few broad
redox peaks, indicating the occurrence of faradaic reactions

Energy Environ. Sci., 2022, 15, 5229-5239 | 5231
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Fig. 2 Energy storage mechanisms of the AC electrode. (a) CV curves of the AC electrode in the AlClz—NaCl-LiCl electrolyte at 125 °C and different scan
rates. (b) CV curves with experimental and fitted results at 5 mV s~%. The blue area represented the capacitive contribution. (c) Capacity contribution ratios
of the capacitive and diffusion-controlled mechanisms at different scan rates. (d) Representative simulation snapshots of the AlClz—NaCl-LiCl system
confined in graphene slit pores with widths of 0.86 and 1.17 nm at 125 °C calculated using MD simulations. (e) Number density profiles along the
z-direction and (f) MSDs of Al** and Cl~ ions of the AlClz—NaCl-LiCl system confined in graphene slit pores with widths of 0.86 and 1.17 nm at 125 °C
calculated using MD simulations. (g) Schematic representations of the optimized structures of the graphene slit pore with a width of 0.86 nm with
4 intercalated AlCl, calculated using DFT simulations. (h) Binding energies and intercalation potentials of the optimized structures of graphene slit pores
with widths of 0.86 and 1.17 nm with 1, 2, 3, and 4 intercalated AlCl, calculated using DFT simulations.

(Fig. 2b and Fig. S9, ESIt). The following equation was used to
quantify capacitive and diffusion-controlled contributions to
the total current.’”

i(V) =k + kp'’? (1)

where i(V), v, kv, and o7 represent the total current, scan
rate, capacitive current, and diffusion-controlled current,
respectively. By plotting v"/ vs. iv'?, k; and &, can be calculated.®”
As shown in Fig. 2b and c, the capacitive contribution repre-
sented by the blue area accounted for 40% of the total charge
storage capacity at a scan rate of 5 mV s~ . The value increased
with the scan rate, reaching 75% at a scan rate of 100 mV s~ *
(Fig. 2c and Fig. S10, ESI¥).

The energy storage process of ECs is related to electrostatic
adsorption or faradaic reactions at/near the electrode surface.”
The electrolyte confined in the nanopores of the AC electrode
typically demonstrates different local liquid structures and ion
dynamics from the bulk state, which further influences the

5232 | Energy Environ. Sci., 2022, 15, 5229-5239

macroscopic capacitance and electrical resistance of the
device.*® As a result, the nanoconfinement of the molten salt
electrolyte was studied to clarify the origin of the high specific
capacitance of the AC electrode in the molten salt electrolyte.
MD simulations were conducted based on a slit pore geo-
metry, which means the ions were supposed to be confined in
the direction perpendicular to two groups of adjacent graphene
sheets (z-direction). The width of the pore was represented by
the minimum surface-to-surface distance between the gra-
phene sheets. Fig. S11 (ESIt) demonstrates the microstructure
of the molten salt confined in a wide slit (5.00 nm). The ion
number density along the z-direction exhibited an oscillatory
behavior, indicating layered stacking of the ions (Fig. S12,
ESIT). The maxima in the local density were observed close to
the surface of the graphene sheets, and the density fluctuations
diminished away from the surfaces. In other words, the ion
arrangement in the middle region was close to that in the bulk
state, while obvious deviations were observed near the graphene

This journal is © The Royal Society of Chemistry 2022
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surfaces, which can be attributed to the ion-host interactions.
Then the widths of the slit were determined as 1.17 and 0.86 nm
according to the measured pore size distributions of the employed
AC powders. As seen in Fig. 2d and e, bilayer and monolayer ion
structures were observed in the pores with widths of 1.17 and
0.86 nm, respectively. In particular, AI** ions gathered around the
middle region in the 0.86 nm-wide pore, while Na" and Li" were
mainly closer to the graphene sheets. Moreover, the two symme-
trical peaks of the density profile of Cl™ indicated ordered
orientations of the chloroaluminate ions. These results provided
an atomic scale explanation for the experimentally discovered
high capacitance of the AC electrode. For the electrolyte in the
bulk state, the ion structure mainly follows coulombic ordering,
which means each ion is surrounded by successive shells of
opposite charge.”® However, the disruption of the bulk order
was observed when the molten salt was under specific confine-
ment microenvironments. Such an effect may induce increased
cation pairs and anion pairs and further help the formation of
dense double-layer structures during charging and the achieve-
ment of high capacitance.*®*!

The mean square displacements (MSDs) of the ions are a vital
parameter in evaluating the mobility of the confined ions. Ion
dynamics were more sluggish when the slit pore was narrower,
which is consistent with the results of nanoconfined ionic liquids
(Fig. 2f).***>** Na* and Li* showed higher mobility than AI** and
Cl™ probably because of their smaller ion sizes compared with the
chloroaluminate ions (Fig. S13, ESIt). Experimental results helped
to better understand confined ion dynamics. The AC powders
with confined AICL;-NaCl-LiCl molten salt (MS@AC) could
be prepared via a simple postimpregnation method. The AC
powders were heated with the molten salt, and then the sample
was cooled down to room temperature and washed with deionized
water to remove the surface adsorbed molten salts. The removal of
the surface adsorbed electrolyte after washing was verified by SEM
(Fig. S14, ESIT). The energy-dispersive X-ray (EDX) spectra and
argon adsorption-desorption isotherms of the MS@AC pow-
ders indicated that the pores were occupied by the solidified
electrolyte (Fig. S15, ESIt). The peaks of the molten salt could
also be observed in the XRD pattern (Fig. S16, ESIT). Since the
molten salt has lower viscosity and higher conductivity than
ionic liquids in the bulk state, it demonstrated better wett-
ability over the surfaces of the nanopores of the electrode,**
which is essential for the high-power performance of MS-ECs.

AC electrodes typically store electrical charge in ECs via the
formation of electric double-layers, meaning that the capacitive
contribution dominates.*>*® However, the capacitance contri-
butions from faradaic reactions were considerable in the
MS-ECs. Moreover, the melting point of the electrolyte confined
in the nanopores showed a decrease of 11 °C (Fig. S17, ESI¥).
Both phenomena could be caused by the strong ion-host
interactions under nanoconfinement.*' The possible faradaic
reaction is listed as follows.

C, + AlCl,” = C,[AICL,] + e~ )

where n is the molar ratio of carbon atoms to intercalated
anions, which is dependent on multiple parameters, including

This journal is © The Royal Society of Chemistry 2022
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the pore structure and the electrode potential. The occurrence
of the intercalation reactions was further verified by density
functional theory (DFT) simulations based on graphene slit
pores (Fig. 2g and Fig. S18, ESIt). The pore widths were
determined as 0.86 and 1.17 nm for consistency with the MD
simulations. As seen in Fig. 2h, the calculated binding energies
of AICl, and graphene were negative for both models, and
the values decreased with the number of intercalated AlCl,,
suggesting that the reactions were favorable at higher AlCl,
concentrations.”” The intercalation potentials for the pores
with widths of 0.86 and 1.17 nm varied in the ranges of
2.01-2.36 V and 1.14-2.37 V, respectively, which were in agree-
ment with the experimentally reported values. The intercalation
potentials were higher in the narrower slit pore. Considering
the pores of the employed AC were distributed in the range of
0.5-1.5 nm, the corresponding CV curves would demonstrate
potential-dependent current features with broad peaks.

To conclude, the energy storage process of the AC electrode
in the AICl;-NaCl-LiCl molten salt electrolyte followed a
physisorption-chemisorption combined mechanism, which
originated from the unique structures and properties of the
molten salt electrolyte confined in the nanopores of the electrode.
On the one hand, altered local ion structures under specific
nanoconfinement conditions were observed, which may contri-
bute to the formation of a denser double-layer structure and
higher capacitive capacitances. On the other hand, DFT simula-
tions indicated that intercalation reactions of AICl,  into the
nanopores of the AC electrode were favorable. As a result, the
AC electrode exhibited considerable diffusion-controlled capaci-
tances in the molten salt, promoting the preparation of high-
energy-density EC devices.

Electrochemical performance

To estimate the electrochemical performance of the full device,
MS-ECs with AC electrodes were assembled and tested. The
current densities of the MS-EC devices were calculated based on
the mass of AC in both electrodes. According to Fig. S19 (ESIY),
the device failed to operate at 75 °C, illustrating the necessity of
operating temperatures higher than the melting point of the
electrolyte. Fig. S20 (ESIt) shows that negligible capacity was
obtained in the device with bare Mo meshes on both electrodes,
excluding the influence of side reactions.

The theoretical operational voltage of an EC is determined
by the electrochemical window of the electrolyte. However, if
the two electrodes do not reach their respective limit potentials
simultaneously during the charging process, decomposition of
the electrolyte may occur even when the EC device operates
within the theoretical voltage range.’®*® For MS-ECs, chlorine
gas production and aluminum deposition during the decom-
position of the electrolyte may affect the mechanical integrity
of the electrode and cause capacitance decay.’® As a result,
electrode mass balancing is necessary. Asymmetric MS-ECs
with different cathode-to-anode mass ratios (M./M_) were
assembled according to Table S1 (ESIt). Fig. 3a and Fig. S21
(ESIT) show the galvanostatic charge-discharge (GCD) curves of
the MS-ECs at 125 °C and different current densities. The device

Energy Environ. Sci., 2022,15, 5229-5239 | 5233
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with an M,/M_ value of 0.67 achieved the highest specific
capacitance at all the current densities and demonstrated good
rate capability with 79% capacitance retention when the current
densities increased from 1 A g~ " (with a capacitance of 77 Fg~ ") to
30 Ag " (with a capacitance of 61 F g ') (Fig. 3b). Based on these
results, M. /M_ was fixed at 0.67 in the following tests.

Fig. 3c and Fig. S22 (ESIt) present the CV curves of the MS-EC
at 125 °C. In the voltage range of 0-1.0 V, the specific capacitance
remained almost unchanged at different scan rates. In contrast, a
decrease in capacitance with the scan rate was observed in the
voltage range of 1.0-2.0 V, further verifying the occurrence of the
faradaic reactions reported in the previous section.

To assess the cycling stability of the MS-EC, a repeated GCD
test was performed at 125 °C and a current density of 5 A g~ *
(Fig. 3d). The device presented exceptional stability with negli-
gible capacitance loss (99.8% capacitance retention) after
10000 cycles. Furthermore, the GCD curves of the first and last
three cycles remained nearly unchanged. The cyclability of the
device was confirmed by characterization of the electrode and
the electrolyte. According to the SEM images, the AC electrode
maintained mechanical stability after cycling (Fig. S23, ESIT).
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Meanwhile, the XRD patterns, XPS spectra, Raman spectra, and
elemental contents of the electrolyte did not exhibit apparent
changes (Fig. S24-S26 and Table S2, ESIY).

The electrochemical performance of the MS-EC was then
evaluated at different operating temperatures. As shown in Fig. 3e
and Fig. S27 (ESIf), higher specific capacitances were achieved at
elevated temperatures. For example, the capacitance increased from
73 to 107 F g~ ' while the IR drop decreased from 23 to 18 mV at a
current density of 1 A ¢~ when the temperature rose from 100 to
175 °C. Electrochemical impedance spectroscopy (EIS) measure-
ments of four MS-EC devices confirmed the comprehensive perfor-
mance improvement of the MS-ECs at elevated temperatures (Fig. 3f
and Fig. $28, ESIT). All the devices demonstrated decreased equiva-
lent series resistance (ESR), interfacial resistance (Rj,), and relaxa-
tion time constant at higher temperatures (Table S3, ESIT), which
reflected the higher electrolyte conductivity and the faster ion
migration process across the electrolyte and electrode interfaces.”

Self-discharge performance

Self-discharge is a non-negligible parameter for ECs.*”
Four different self-discharge mechanisms (ohmic leakage,

This journal is © The Royal Society of Chemistry 2022
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activation-control, diffusion-control, and charge redistribu-
tion (CR)) were proposed by Conway et al.>® Combined effects
of multiple mechanisms may occur in practical systems.>*
Fig. 4a displays the self-discharge profiles of the MS-EC at
different temperatures. The open-circuit voltages of the
device were 1.87, 1.72, 1.63, 1.60, and 1.51 V at 90, 100, 125,
150, and 175 °C after 3 h, respectively. The increased self-
discharge rate with the operating temperature can be com-
monly attributed to an enhanced electrochemical activity
within the system. For further quantitative assessments, the
relation between voltage loss during the self-discharge pro-
cess (Vioss) and time (¢) can be expressed as follows.>”

Viess = AVt + Bln(t + 1) (3)

where A is the diffusion parameter, while B and t are related
to the activation-controlled and CR mechanisms since the
mathematical treatments of both mechanisms are the same.
Ohmic leakage was not considered to occur in this system.
According to the two terms in eqn (3), the voltage loss of the
device at different temperatures was divided into two parts
(Fig. S29, ESIt), one related to the square root of time (blue
dashed line) and one to the logarithm of time (green dashed line).
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To distinguish the effects of the activation-controlled and
CR mechanisms, self-discharge tests with different holding
times were conducted. In Fig. S30 (ESIt), the voltage decay
decreased with the holding time at 125 °C from an initial 0.41 V
for no holding to 0.31 V for a 4 hour holding. It has been
reported that charge distributions on porous carbon electro-
des are tightly correlated with the holding time, while the
activation-controlled mechanism generally demonstrates no
changes.”® As a result, the part of the voltage loss obeying the
logarithmic law with time was mainly related to the CR
mechanism.

As seen in Fig. 4b and Fig. S31 (ESIf), self-discharge rates
related to the CR and diffusion-controlled mechanisms were
higher at elevated temperatures. The voltage losses correlated
with the diffusion-controlled and CR mechanisms were 0.06
and 0.07 V at 90 °C, respectively, while the values increased
to 0.25 and 0.24 V at 175 °C (Fig. 4b). Under open-circuit
conditions, the CR mechanism drives the charged states of
the electrode toward equilibrium by rearranging the charges
from higher to lower surface charge density.>® Consequently,
faster ion diffusion at elevated temperatures may accelerate
voltage decay. Meanwhile, the faster kinetics of the deintercalation

a b
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Fig. 4 Self-discharge tests of the MS-EC. (a) Self-discharge profiles and (b) voltage losses from charge redistribution and diffusion-controlled
mechanisms at different temperatures. (c) Self-discharge profiles and (d) voltage losses from charge redistribution and diffusion-controlled mechanisms

at different initial voltages. (e) Long-duration self-discharge tests.
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reactions at higher temperatures may lead to larger energy loss
related to the diffusion-controlled mechanism.*®

For further understanding of the self-discharge process of
the MS-EC, tests were performed on the devices with different
initial voltages (Fig. 4c). In Fig. 4d, when the initial voltage was
2.0V, the CR and diffusion-controlled mechanisms contributed
to 40% and 60% of the voltage loss, respectively. In contrast,
when the initial voltage was below 1.8 V, the CR mechanism
was the dominant factor of self-discharge. This phenomenon
was consistent with the CV measurement of the device (Fig. 3c),
confirming the potential-dependent feature of the energy sto-
rage mechanism of the electrode.

Electrolyte additives and modified separators have been
applied to reduce the self-discharge rate for a specific EC
system.?”*® However, both methods resulted in increased raw
material costs and decreased electrolyte conductivity, which
may influence the power densities of the devices.”® Our MS-EC
design provided a possibility for long-duration energy storage.
Since the electrolyte was ionically insulating at ambient tem-
perature, self-discharge was significantly suppressed. As seen
in Fig. 4e, an open-circuit voltage retention of 1.91 V after
25 days was achieved, and the device functioned normally after
being heated to the operating temperature.

Based on the results above, the working conditions of the
MS-EC can be moderated according to the practical applica-
tion environment. For MS-ECs integrated into smart grids,
when the device does not need to output electric energy in the
next few hours, the temperature can be adjusted to around
90 °C, where the self-discharge rate of the device is slower than
that of the room-temperature EC devices. Meanwhile, the
device can be quickly heated to a higher temperature with a
small amount of energy consumed in the heating process
(Table S4, ESIT). Moreover, for the MS-ECs operating under
harsh environments, the energy can be stored for an extended
period by maintaining a temperature below the melting point
of the electrolyte. At the same time, the external heat sources
can provide the energy required for the heating and operation
of the device.

Comparisons of EC systems with different electrolytes

The ECs based on the AlCl;-NaCl-LiCl molten salt electrolyte
demonstrated better all-around electrochemical performance
than those based on other electrolytes. The energy and power
densities of the MS-EC systems, which were calculated based on
the active material mass of the AC electrodes, are revealed in
Fig. 5a.°°"% Ultrahigh energy densities of 50.4, 44.7, 42.0, 35.5,
26.3,and 19.7 W h kg " were achieved at power densities of 1.1,
2.8, 5.2, 9.8, 17.2, and 22.8 kW kg™ at 125 °C, respectively.
A further performance improvement was observed at 175 °C,
with the energy density exceeding 60.0 W h kg™' at a power
density of 1.0 kW kg™, The energy density depends on the
device operating voltage and the electrode capacitance
(eqn (4)).> The MS-EC can be operated in a relatively wide
voltage range of 0-2.0 V, with ultrahigh electrode capacitances
achieved following the physisorption-chemisorption combined
energy storage mechanism. As a result, MS-ECs have the

5236 | Energy Environ. Sci., 2022, 15, 5229-5239

View Article Online

Energy & Environmental Science

a
T 10%
o
R4
=
2 10%
k%) 1256 °C 175°C
C
[
= —— Aqueous
2
q§> 10 —— Organic
(o] A s
o —— lonic liquid
4ol —*— Molten salt
0 10 20 30 40 50 60 70 80
Energy density (Wh kg™")
b Safety
lonic .
L 1/Price
conductivity
—e— Aqueous
e~ Organic
—eo— |onic liquid
=== Molten salt
*: X .
Energy density Energy density

(electrode) (electrolyte)

Fig. 5 Comparisons of EC systems based on the molten salt electrolyte
and other electrolytes. (a) Ragone plot of the EC systems based on the
molten salt electrolyte and other electrolytes. (b) Radar plot of the molten
salt electrolyte and other electrolytes in terms of safety, ionic conductivity,
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advantage of higher electrode energy densities compared with
other EC systems.

1
Eelectrode = ECUz (4)

where Eeectrode 1S the energy density, C is the specific capaci-
tance of an EC calculated based on the active material mass in
the electrodes, and U is the operating voltage.

It is worth noting that electrolytes also serve as active
materials in ECs, whose effect on energy densities is a com-
monly overlooked parameter. Theoretically, the number of free
ions in the electrolyte should match the capacitances of the
electrodes to achieve the maximum device energy density
(eqn (5)).%® Since the solvent-free molten salt electrolyte has
higher salt molality, its energy density (107 W h kg™ ") is higher
than that of aqueous (15-80 W h kg™ '), ionic liquid (40-80 W h
kg™ "), and organic systems (10-20 W h kg™') (eqn (6)).°°%°

= e 1 (5)
E Eelectrode Eelectrolyte
1
Eelectrolyte = ianmoFU (6)

where Eejectrolyte i the energy density of an EC calculated based
on the electrolyte mass, o represents the fraction of total salt
removed from the bulk electrolyte upon complete charging,
n refers to the charge number of the adsorbed ion, m, is the
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Table 1 Properties of other inorganic molten salt electrolytes and performance of the corresponding MS-EC devices
Composition® AlCl;-NaCl AlCI;-LiCl LiBr-CsBr LiBr-KBr-CsBr LiI-CsI LiI-KI-CsI
Melting point (MP) (°C) 126*! 136>" 283%7 237%7 217%8 204°%8
Tonic conductivity (S cm™") MP + 20 °C 0.19 0.18 0.78 0.65 0.52 0.49

MP + 50 °C 0.24 0.22 0.95 0.84 0.80 0.70

MP + 100 °C 0.32 0.30 1.23 1.09 1.08 0.96
Operating voltage (V 2.0 2.0 2.6 2.6 2.4 2.4
Specific capacitance” (F g™) 297 292 277 268 379 340
Energy density’ (W h kg™ ") 41.3 40.6 65.0 63.0 75.9 68.1

“ The molar ratios of the components are listed as follows: AlCl;-NaCl (0.60: 0.40), AlCl;-LiCl (0.60: 0.40), LiBr-CsBr (0.62: 0.38), LiBr-KBr-CsBr
(0.56:0.19:0.25), Lil-CsI (0.66:0.34), and Lil-KI-CsI (0.62:0.10:0.28). ” Symmetric devices were fabricated. The electrode specific capacitances are
calculated based on the CV curves at a scan rate of 20 mV s~ *. The working temperatures were 20 °C higher than the melting points of the electrolytes. ° The
energy densities are calculated based on the active material masses in the electrode.

initial salt molality in the electrolyte, and F is Faraday’s con-
stant; E is the energy density of an EC calculated based on the
mass of the electrodes and the electrolyte.

Next to the observed superior energy densities, the inorganic
molten salt electrolyte has industrial advantages of relatively
low price, non-flammability, and non-toxicity. Consequently, it
is an attractive choice for ECs based on its advantages in
various aspects (Fig. 5b and Table S5, ESIT).

The universal application of suitable molten salts for EC
systems was also confirmed. The properties of the salt mixtures
consisting of common anions are shown in Table S6 (ESIT). The
high melting points of the salt mixtures consisting of fluoride,
chloride, and carbonate ions may cause increased self-discharge
rates and operation and maintenance costs. Meanwhile, the
electrochemical windows of the salt mixtures consisting of the
nitrate ions (~1.6 V) are relatively narrow, leading to low energy
and power densities of the device. The high corrosiveness of the
molten hydroxide mixtures makes it unsuitable as an alternative
electrolyte. In contrast, mixtures of salts consisting of chloro-
aluminate ions, bromine ions, and iodine ions demonstrate low
melting points, wide electrochemical windows, and low corro-
siveness, which were considered candidates for electrolytes for
MS-ECs. The properties of some representative molten salt
systems and the performance of the corresponding MS-EC
devices are shown in Table 1. All the salt mixtures demonstrated
high ionic conductivity (0.19-1.23 S cm™") with relatively wide
electrochemical windows (2.0-2.6 V). In particular, the AC elec-
trode presented a specific capacitance of 379 F g~ " in the Lil-CsI
electrolyte at a scan rate of 20 mV s~ in the voltage range of
0-2.4 V at 230 °C. The corresponding MS-EC achieved an ultra-
high energy density of 75.9 W h kg * (Fig. S32, ESI). The melting
points of the molten salts ranged from 126 °C to 283 °C, which
qualifies these MS-ECs to be employed in different high-
temperature application environments. Furthermore, consider-
ing that some specific inorganic molten salts are compatible with
molten alkali metals, it is also likely to achieve even higher device
energy densities when assembling Li-ion and Na-ion hybrid ECs.

Conclusions

In summary, we developed high-performance MS-ECs with
electrodes synthesized from commercial AC. An ultrahigh specific

This journal is © The Royal Society of Chemistry 2022

capacitance of 419 F g~ was achieved with the employed AICI;-
NaClI-LiCl electrolyte, which can be attributed to the physisorp-
tion-chemisorption combined energy storage mechanism
under electrolyte nanoconfinement. The corresponding device
demonstrated an energy density of 50.4 W h kg™ ' at a power
density of 1.1 kW kg " at 125 °C. Negligible capacitance fade
was observed after 10 000 cycles at a current density of 5 A g™ .
The self-discharge of the MS-ECs was revealed to be influenced
by CR and diffusion-controlled mechanisms, and long-duration
energy storage was accomplished by cooling down the electro-
Iyte to its solid state. More importantly, the applicability of
various types of inorganic molten salts with different properties
was verified, which is expected to broaden the application field
of ECs.

Experimental
Materials

AC was purchased from Fuzhou Yihuan Carbon Co., Ltd
(Fuzhou, China). Carbon black was purchased from Hefei
Kejing Co., Ltd (Hefei, China). Glass microfiber (filters
(Whatman 934-AH) were used as separators.

Electrode preparation

AC, carbon black (CB), polytetrafluoroethylene (PTFE) prepara-
tion (60 wt% dispersion in H,0), and ethanol were mixed,
processed into a thin slice, and pressed into two molybdenum
meshes. The electrode was dried in an oven at 60 °C overnight
before use. The weight ratio of AC, CB, and PTFE was 8:1:1.
The active material loading was around 10-20 mg cm™ >,

depending on the thickness of the AC electrode.

Electrolyte preparation

The AICl;-NaCl-LiCl electrolyte was prepared in an argon-filled
glove box (Etelux, Lab2000). AICl;, NaCl, and LiCl powders were
mixed with a molar ratio of 0.6:0.2:0.2. The mixture was
heated in an alumina crucible to 150 °C for 12 h. The melts,
which were clear and colorless, were poured out carefully and
collected. Other electrolytes were prepared similarly. The pre-
paration temperatures were adjusted according to the approxi-
mate melting points of molten salts.

Energy Environ. Sci., 2022, 15, 5229-5239 | 5237


https://doi.org/10.1039/d2ee01969h

Published on 02 November 2022. Downloaded by Tsinghua University on 1/10/2023 12:02:58 PM.

Paper

Device assembly

Firstly, glass seals were applied between the Ta wires and the
stainless-steel case. Secondly, the electrolyte was filled in the
stainless-steel case and was heated to 180 °C. The electrodes
were welded to the Ta wires and were immersed in the electro-
lyte. The first two steps were performed in the argon-filled glove
box. Finally, the device was cooled to ambient temperature and
taken out to ambient air. Laser welding was quickly applied at
the threaded connection to ensure air tightness.

Materials characterization

The microstructures of the samples were analyzed by SEM
(MERLIN Compact Zeiss) and TEM (Jeol-2010, Japan). The
surface areas, adsorption and desorption isotherms, and pore
size distributions of the samples were investigated using an
analyzer (Micromeritics ASAP 2460) at 87 K of argon. Phase
identifications of the samples were analyzed using XPS (Amicus
Budget) and XRD (D-Max-2500 Rigaku XRD Analyzer). Raman
spectra were recorded using a 532 nm laser (LabRAM HR
Evolution). The DSC curves were obtained using an analyzer
(TA-DSC25) with a heating rate of 10 K min™".

Electrochemical characterization

The electrochemical performance of the AC electrode was tested
using a three-electrode method in a muffle furnace (MTI) in the
glove box. The AC electrode, Ta foil, and Al foil were used as the
working electrode, the counter electrode, and the reference elec-
trode, respectively. Cyclic voltammetry measurements were con-
ducted on an electrochemical workstation (CHI 660e). MS-EC
devices were tested in a muffle furnace (MTI) in ambient air. CV
and galvanostatic charge/discharge (GCD) tests were performed
on the electrochemical workstation in the two-electrode mode.
Electrolyte conductivities, device impedances, and self-discharge
profiles were measured with an electrochemical workstation
(Metrohm Autolab). Electrolyte conductivities were measured via
the FRA impedance potentiostatic mode. Two Ta foils were applied
as electrodes, and the resistances were recorded when the imagin-
ary part of the impedance was equal to zero. Device impedances
were measured via the FRA impedance potentiostat in the fre-
quency range of 100 kHz to 10 mHz. Self-discharge measurements
were tested after the MS-ECs were charged to a specific voltage
with a current density of 1 A g~ ", The devices were held at 2.0 V for
2 h (unless exceptions are stated) to facilitate a more uniform CR
before the open-circuit voltage tests. In order to test the long-
duration self-discharge rates, the device was charged to 2.0 V after
being cycled for 100 cycles and held at 2.0 V for 2 h at 125 °C. Then
the device was taken out from the muffle furnace and placed at
room temperature for around 25 days. Finally, the device was
heated to 125 °C and cycled again. The cycling performance was
tested using a battery test system (LAND, 2001CT).
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