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Locally Concentrated Deep Eutectic Liquids Electrolytes for
Low-Polarization Aluminum Metal Batteries

Cheng Xu, Thomas Diemant, Xu Liu,* and Stefano Passerini*

Low-cost and nontoxic deep eutectic liquid electrolytes (DELEs), such as
[AlCl3]1.3[Urea] (AU), are promising for rechargeable non-aqueous aluminum
metal batteries (AMBs). However, their high viscosity and sluggish ion
transport at room temperature lead to high cell polarization and low specific
capacity, limiting their practical application. Herein, non-solvating
1,2-difluorobenzene (dFBn) is proposed as a co-solvent of DELEs using AU as
model to construct a locally concentrated deep eutectic liquid electrolyte
(LC-DELE). dFBn effectively improves the fluidity and ion transport without
affecting the ionic dynamics in the electrolyte. Moreover, dFBn also modifies
the solid electrolyte interphase growing on the aluminum metal anodes and
reduces the interfacial resistance. As a result, the lifespan of Al/Al cells is
improved from 210 to 2000 h, and the cell polarization is reduced from 0.36 to
0.14 V at 1.0 mA cm−2. The rate performance of Al-graphite cells is greatly
improved with a polarization reduction of 0.15 and 0.74 V at 0.1 and 1 A g−1,
respectively. The initial discharge capacity of Al-sulfur cells is improved from
94 to 1640 mAh g−1. This work provides a feasible solution to the high
polarization of AMBs employing DELEs and a new path to high-performance
low-cost AMBs.

1. Introduction

Non-aqueous rechargeable aluminum metal batteries (AMBs),
in which the highly abundant, low-cost, and high-capacity
(2980 mAh g−1 and 8040 mAh cm−3) aluminum metal is used
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as the anode material, are promising
candidates for the next-generation en-
ergy storage devices and have attracted
increasing attention.[1,2] Electrolytes are
important components of rechargeable
metal batteries,[3] not only governing
the transport of ionic charge carriers be-
tween the cathode and anode, but also
affecting the electrochemical processes
at the electrode/electrolyte interfaces.[4–6]

Currently, the state-of-the-art electrolyte
for room-temperature rechargeable AMBs
consists of aluminum chloride (AlCl3)
and 1-ethyl-3-methylimidazolium chloride
([EMIm]Cl) in a mole ratio of 1.3:1.[7,8] Due
to the capability of reversible aluminum
stripping/plating at room temperature via
the conversion between AlCl4

− and Al2Cl7
−

(Equation (1)), this electrolyte has been
widely used realizing high-performance
AMBs with various different cathode ma-
terials, such as graphite,[9–11] transition
metal chalcogenides,[12–16] Prussian blue
analogues,[17] MXenes,[7,18–20] organic
compounds,[21,22] and chalcogens.[23–27]

However, the high cost of [EMIm]Cl greatly limits the develop-
ment of AMBs.[28] To tackle the cost factor, deep eutectic liquid
electrolytes (DELEs) formed via mixing of the Lewis acid AlCl3
with a Lewis basic ligand like urea were proposed as alternative
electrolytes,[29] in which the heterolytic cleavage of AlCl3 leads
to the generation of AlCl4

−, Al2Cl7
−, and [AlCl2·(ligand)n]+.[30,31]

With careful optimization of the mole ratio between AlCl3 and
the ligand to adjust the dynamic equilibrium of these ionic
species in the electrolytes,[32,33] reversible stripping/plating of
aluminum can be realized as described by Equations (1) and
(2).[34]

4Al2Cl−7 + 3e− ↔ Al + 7AlCl−4 (1)

2
[
AlCl2 ⋅

(
ligand

)
2

]+ + 3e− ↔ Al + AlCl−4 + 4
(
ligand

)
(2)

The replacement of [EMIm]Cl with the inexpensive Lewis ba-
sic ligands can effectively reduce the cost of the electrolyte. On
the other hand, the strong coordination of urea toward Al3+

leads to significantly increased viscosity and decreased ionic
conductivity,[35] resulting in severe cell polarization and low cath-
ode materials utilization.[30,36]

The addition of low-viscosity co-solvents to DELEs can re-
duce the viscosity and improve the ionic conductivity,[37] which
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has been validated to promote electrochemical performance
of supercapacitors,[38] redox flow batteries,[39] and zinc metal
batteries.[40] Nonetheless, the selection of organic solvents for
AlCl3-based DELEs is challenging.[41] First, co-solvents with
strong solvation ability can affect the molar ratio of AlCl4

−,
Al2Cl7

−, and [AlCl2·(ligand)n]+ in DELEs, which is critical for
Al stripping/plating. Second, AlCl3 can react with the co-
solvents due to its strong Lewis acidity. Recently, fluorinated
aromatic compounds and ethers featured with unique non-
solvating character emerged as a new class of co-solvents of high
concentration electrolytes (HCEs) to construct locally concen-
trated electrolytes,[42–44] which effectively rescue the high viscos-
ity and low conductivity of HCEs without affecting their local
solvation.[45–49] In this context, these non-solvating compounds
appear to be potential co-solvent candidates of DELEs for AMBs.
To the best of our knowledge, the use of DELEs aided with non-
solvating co-solvents as electrolytes for AMBs has not been re-
ported yet.

Herein, a locally concentrated DELE (LC-DELE) is for the first
time proposed for AMBs (i.e., Al-graphite and Al-S batteries). The
DELE [AlCl3]1.3[Urea]1 (AU) and the non-solvating (co-solvent)
1,2-difluorobenzene (dFBn) were selected as model compounds
to investigate the physical properties of the resulting LC-DELE
and their influence on the AMBs’ electrochemical performance.
The results demonstrate that introducing dFBn into AU effec-
tively promotes the fluidity and ionic transport without affect-
ing the ion dynamics in the electrolytes. Moreover, dFBn par-
ticipates in the formation of the solid electrolyte/electrode in-
terphase (SEI) on the aluminum metal anode (AMA), reducing
the interfacial resistance. As a result, dFBn, as a co-solvent, ef-
fectively reduces the polarization of Al-graphite and Al-sulfur
(Al-S) batteries. These results demonstrate that adding non-
solvating co-solvents into DELEs is a feasible strategy enabling
low-polarization AMBs.

2. Results and Discussion

2.1. Physicochemical Properties and Solvation Structure of the
Electrolytes

In the first step, the physicochemical properties and solvation
structure of LC-DELEs consisting of AU and dFBn were deter-
mined. For this purpose, different amounts of dFBn were added
to AU, the resulting mixtures [AlCl3]1.3[Urea]1[dFBn]x are in the
following named as AUdF-x (x = 0.2, 0.4, 0.6). As displayed in
Figure S1 (Supporting Information), AUdF-0.4 is a clear and ho-
mogeneous solution upon storage at room temperature. To eval-
uate the influence of dFBn on the fluidity of AU, the dynamic vis-
cosity (μ) of the electrolytes at room temperature was calculated
based on their density (𝜌) and kinematic viscosity (𝜈) as described
by the following equation:

𝜇 = 𝜈 × 𝜌 (3)

The kinematic viscosity was obtained by averaging three paral-
lel experimental results (Table S1, Supporting Information). The
calculated dynamic viscosity of the electrolytes is summarized in
Figure 1a. Taken together, the addition of dFBn results in a signif-

icant viscosity’s reduction (Figure 1a). For instance, the viscosi-
ties of AU and AUdF-0.6 are 316.4 and 25.9 mPa s, respectively.
Figure 1b shows the ionic conductivity of the electrolytes at 20 °C.
The dFBn-free sample (AU) has the lowest ionic conductivity of
0.5 mS cm−1. With increasing dFBn concentration, a bell-shape
trend with a maximum of 1.95 mS cm−1 for x = 0.4 is observed,
due to the opposite effects of decreasing ionic charge carrier con-
centration and viscosity. These results demonstrate that the ad-
dition of dFBn with the suitable amount, e.g., x = 0.4, can si-
multaneously promote the fluidity and ionic transport of the elec-
trolytes, which is desired for a lower cell polarization and better
utilization of cathode material.

As mentioned, the dynamic equilibrium between the ionic
species in the electrolytes is important for the electrochemical
reactions of AMBs. Therefore, Raman spectra of dFBn, AU, and
AUdF were recorded to track the changes of the ion–ion and ion–
solvent interactions. The spectra of AU and AUdF were normal-
ized to the peak of AlCl4

− at 350 cm−1. The Raman spectra in the
region of 250–500 and 950–1200 cm−1 are shown in Figure 1c,d,
respectively. In Figure 1c, the peaks at 314 and 350 cm−1 can
be assigned to the Al–Cl bond from Al2Cl7

− and AlCl4
−, respec-

tively. The addition of dFBn into AU leads to the rise of a peak at
298 cm−1 corresponding to pure dFBn. More important, no no-
ticeable change of peak position of relative intensity of the peaks
of AlCl4

− and Al2Cl7
− could be detected upon addition of dFBn.

As shown in Figure 1d, the Raman peak at 1058 cm−1 originates
from the C–N stretching vibration of urea species.[50] Its position
and intensity normalized to the AlCl4

− peak at 350 cm−1 are not
affected with the addition of dFBn.

Finally, the flashpoint of AU and AUdFs was tested to evalu-
ate their flammability. No flash occurred during the test of these
samples in the 25–250 °C temperature range, indicating their
non-flammable character. Figure S2 (Supporting Information)
presents the differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA) spectra of AU and AUdF-0.4. The re-
sults demonstrate that the addition of dFBn widens the liquidus
range of the electrolyte. Also, AUdF-0.4 is thermally stable until
dFBn starts to evaporate at 50 °C. These results demonstrate that
dFBn as a non-solvating co-solvent for AU can effectively promote
the fluidity and ionic transport without affecting its ion solva-
tion and non-flammability. Since AUdF-0.4 (later simply named
as AUdF) exhibits the highest ionic conductivity, it was selected
as the model electrolyte.

2.2. Electrochemical Performance and Interfacial Properties of
AMAs in AUdF

To investigate the effect of dFBn on AMAs’ electrochemical prop-
erties, Al/Al symmetric cells employing AU and AUdF elec-
trolytes were assembled and tested at 20 °C. Figure 2a displays
the voltage profiles of the cells upon Al stripping/plating under
various current densities, the corresponding average voltage for
5 stripping/plating cycles (positive value) at each current den-
sity are compared in Figure 2b. Both cells performed at current
densities up to 1.0 mA cm−2, but the AU-based cell showed a
fast-increasing voltage when the current density was increased to
0.75 mA cm−2. In contrast, the AUdF-based cell showed a steady
voltage plateau even at 1.0 mA cm−2. Moreover, this cell always
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Figure 1. a) Dynamic viscosity of AU and AUdF-x at room temperature. b) Ionic conductivity of AU and AUdF-x at 20 °C. Raman spectra of AU, dFBn, and
AUdF-x in the range of c) 250–500 cm−1 and d) 950–1200 cm−1. The Raman spectra of AU and AUdF-x are normalized to the AlCl4

− peak at 350 cm−1,
while the Raman spectrum of dFBn is the original curve.

Figure 2. Electrochemical performance of Al/Al symmetric cells employing AU and AUdF-0.4 as electrolytes at 20 °C. a) Voltage evolution upon strip-
ping/plating at different current densities from 0.1 to 1 mA cm−2 and b) the corresponding average voltage for five positive curves. c) Voltage evolution
upon long-term stripping/plating cycles (5 h for each step) at 0.054 mA cm−2. d) Nyquist plots extracted from EIS measurements after 15 cycles.
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showed the lowest over-voltage at the end of each step, being 2–4
times lower than that of the AU-based cell.

The long-term cyclability of AMAs in the electrolytes was
tested with symmetric Al/Al cells at a current density of
0.054 mA cm−2 and a cycled capacity of 0.27 mAh cm−2. The
voltage profile variation of both cells upon cycling is displayed
in Figure 2c, while the profiles of a few selected cycles are shown
in Figure S3 (Supporting Information). The over-voltage of the
AU-based cell was obviously higher, with the average voltage
growing from 80 mV at the 1st cycle to 104 mV at the 20th cy-
cle (Figure S3a,b, Supporting Information). This cell incurred
in a short circuit after cycling for 210 h (Figure S3b, Support-
ing Information). The Al/Al cell employing AUdF, instead, pre-
sented a stable cycling for 2000 h (Figure 2c) with its average
voltage increasing from 36 mV to only 61 mV during cycling
(Figure S3c, Supporting Information). The thoroughly reduced
over-potential and improved cycling stability demonstrates the
high compatibility of dFBn as a co-solvent of AU for high-rate
and long-lifespan AMAs. For comparison, a non-fluorinated elec-
trolyte employing dimethyl carbonate (DMC) as a co-solvent, i.e.,
[AlCl3]1.3[Urea]1[DMC]0.4, was also tested in Al/Al symmetric cell
(Figure S4, Supporting Information). The huge polarization of
the cell, up to 6 V, indicates that DMC does not support Al strip-
ping/plating, i.e., not all aprotic co-solvents into deep eutectic liq-
uids are appropriate.

Al/Cu cells were assembled to further explore the effect of
dFBn on the Coulombic efficiency (CE) of Al stripping/plating.
To increase the adhesion of the deposit on the substrate and de-
crease the nucleation barrier, carbon fiber-coated Cu electrodes
(Figure S5, Supporting Information) were used as the working
electrodes for the tests. As shown in Figure S6 (Supporting In-
formation), the addition of dFBn into AU increased the CE from
≈80% to ≈88%, which is identical to the longer cycling life of
the Al/Al cell employing AUdF. Although the CE obtained in
AUdF still needs further improvement for practical use, this re-
sult reveals the feasibility of improving the reversibility of Al
stripping/plating via electrolyte engineering. To understand the
mechanism behind the improved electrochemical performance,
electrochemical impedance spectroscopy (EIS) was applied to the
Al/Al cells with AU and AUdF electrolytes. EIS spectra obtained
after 15 cycles (at 0.054 mA cm2) are shown in Figure 2d. In gen-
eral, one depressed semicircle was observed for both cells, which
can be well fitted with the equivalent circuit shown in Table S2
(Supporting Information). The fit results of the EIS data using the
equivalent circuit are displayed in Table S2 (Supporting Informa-
tion). The high-frequency intercept corresponds to a pure resistor
(Rs) mainly associated with the bulk resistance of the electrolyte.
AUdF-based Al/Al cell presents a lower Rs due to the higher ionic
conductivity of AUdF with respect to AU. The semicircle is fitted
with a constant phase element and a resistor (R1) in parallel. The
value of R1 for the AUdF-based cell is only one fifth of that for
the AU-based one. Since the dynamic equilibrium of the ions in
the electrolytes are not affected by the addition of dFBn, the rather
different resistance most likely originates from the SEI on AMAs.
Therefore, the improved ionic conductivity and, particularly, the
lowered SEI resistance via the addition of dFBn is the reason for
the decreased polarization of AMAs.

Afterward, the morphology and SEI species on the surface
of AMAs unmounted from Al/Al cells after cycling for 200 h

were characterized by scanning electronic microscopy (SEM) and
X-ray photoelectron spectroscopy (XPS), respectively. Figure 3a
shows the typical texture of Al metal foil. After cycling for
200 h, the surface of both electrodes presents uneven morphol-
ogy due to the repeated stripping/plating of Al (Figure 3b,c and
Figure S7, Supporting Information). However, the electrode
tested with AUdF exhibited a substantially flatter surface than
that tested with AU. For instance, an Al deposit with a di-
ameter of ≈60 μm was observed on the sample cycled in AU
(Figure 3b), which could cause the cell’s short circuit when pen-
etrating through the separator as it occurred for the Al/AU/Al
cell shown in Figure 2c. Therefore, the introduction of dFBn pro-
motes a more homogeneous Al stripping/plating improving the
cycling stability of AMAs.

Figure 3d–i and Figure S8 (Supporting Information) display
the XPS spectra of the cycled AMAs unmounted from Al/Al cells
employing AU or AUdF as the electrolyte. The peak located at
around 400 eV in the N 1s spectra (Figure 3d,g) is assigned to the
C–N bond of urea. In the Al 2p spectra (Figure 3e,h), two pairs
of peak doublets are observed at 72.1 and 75.0 eV. The former
one corresponds to metallic Al, while the other one can be as-
signed to the SEI species including Al2O3, Al–Cl, and Al–F.[51]

The observation of a strong Al0 peak indicates that the thickness
of SEI is lower than the detection depth of the XPS, i.e., lower
than 10 nm. Comparing the peak intensity of C–N in N 1s spec-
tra and Al2O3/Al–Cl/Al–F in Al 2p spectra with that of the Al0 in
the Al 2p spectra, one can find that the electrode tested in AUdF
exhibited more metallic Al and more C–N, suggesting that dFBn
leads to a thinner SEI and promotes the contribution of urea to
the SEI formation. The highest concentration of Al–Cl species
and Al2O3 in the SEIs formed in AU is also evidenced by the re-
sults of the Cl 2p (Figure 3f,i) and O 1s regions (Figure S8b, Sup-
porting Information). Finally, similar signals were observed in
the F 1s spectra of the electrodes tested in AU and AUdF (Figure
S8c, Supporting Information). These signals originate from the
slight corrosion of the PTFE cell body by the electrolytes as PTFE
is the only fluorine source in these cells.

These results demonstrate that the added dFBn increases the
contribution of urea to the SEI formation while it mitigates the
deposition of Al–Cl species, leading to relatively thinner SEI and
consequently contributing to the promoted electrochemical per-
formance of AMAs.

2.3. Electrochemical Performance and Interfacial Properties of
Graphite Cathodes in AUdF

Graphite, relying on the highly reversible and fast de-
/intercalation of AlCl4

−, is certainly the most mature cath-
ode of AMBs featuring excellent cyclic stability in IL-based
electrolytes.[4,52,53] DELEs are also reported as the low-cost elec-
trolytes for Al-graphite batteries, but their sluggish ion transport
limits the rate capability of the cells and results in high cell
polarization. However, the introduction of dFBn significantly
promotes the ionic transport in the electrolyte bulk; hence,
the developed electrolyte, i.e., AUdF, is expected to address
this issue. To evaluate the influence of the dFBn co-solvent
on the electrochemical performance of graphite cathodes, a
commercial graphite was adopted as exhibited in Figure S9
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Figure 3. SEM images of a) polished aluminum foil and AMAs cycled in b) AU and c) AUdF. XPS detail spectra of d,g) N 1s, e,h) Al 2p, and f,i) Cl 2p
regions of the AMAs cycled in AU and AUdF.

(Supporting Information). Specifically, three-electrode T-shaped
cells employing graphite electrodes as working electrode, Al
foils as counter and reference electrodes, and AU or AUdF as
electrolyte were assembled and tested at 20 °C. The mass loading
of graphite was 2.5 mg cm−2. More details can be found in the
Experimental Section in Supporting Information.

To validate the electrochemical activity of graphite cathodes
in the electrolytes, cyclic voltammetry (CV) was performed.
Figure S10 (Supporting Information) displays the CV curves with
a scan rate of 2.0 mV s−1 in the 0.5–2.25 V (vs Al3+/Al) potential
window. A series of redox peaks overlapping with each other is
observed in both electrolytes, demonstrating the electrochemical
activity of graphite in these two electrolytes. Compared with the
AU-based cell, however, the AUdF-based cell showed higher elec-
trochemical activity.

The rate capability of the graphite cathode in the electrolytes
was evaluated via galvanostatic cycling with potential limitations

at various specific currents from 0.1 to 1.0 A g−1. The dis-/charge
profiles at different specific currents are compared in Figure 4a
and Figure S11 (Supporting Information). For the AUdF-based
cell, a flat voltage plateau following the slope below 2.0 V versus
Al3+/Al was observed upon charging, resulting in a reversible
specific capacity of 75 mAh g−1. When AU was employed, the
platform at higher potential did not appear due to the high polar-
ization, leading to a lower specific capacity (≈48 mAh g−1). These
results match well with those of the CV tests. The average poten-
tial upon discharge and charge of the cells at different specific
currents is shown in Figure S12 (Supporting Information), while
the difference between average charge and discharge potentials
(ΔV, as an indicator for the internal resistance of the cell or the
polarization voltage drop)[54] is summarized in Figure 4b. As the
current density increases, ΔV shows an upward trend for both
electrolytes, but the value for the AU-based cell is approximately
twice that of the AUdF-based cell. Specifically, the Al-graphite cell
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Figure 4. Comparison of electrochemical performance of Al-graphite cells employing AU and AUdF as electrolyte at 20 °C. a) Dis-/charge profiles at 0.1,
0.5, and 1.0 A g−1. b) Difference between average charge and discharge potentials at different specific currents. Evolution of discharge specific capacity
and Coulombic efficiency at c) different current rates and d) upon extended cycling at 0.5 A g−1.

employing AUdF displayed ΔV of 0.17, 0.35, and 0.58 V at 0.1,
0.5, and 1 A g−1, respectively. In contrast, the ΔV of the same
cell employing AU was 0.32, 0.79, and 1.32 V, respectively. Ad-
ditionally, an AU-based Al-graphite battery tested with different
charge cut-off voltages (2.1, 2.15, 2.2, 2.3, and 2.4 V) at 0.1 A g−1

and 20 °C as shown in Figure S13 (Supporting Information), dis-
played a comparable performance with previous literature when
the charge cut-off voltage was set to 2.4 V.[31]

The evolution of discharge specific capacity of Al-graphite cells
employing the AU and AUdF are compared in Figure 4c. Due to
the rapidly growing over-voltage upon increasing current rates,
the specific capacity dropped from 46 mAh g−1 at 0.1 A g−1 to
10 mAh g−1 at 1 A g−1 when AU was used as the electrolyte. On
the contrary, the AUdF-based cell with a discharge specific ca-
pacity of 74 mAh g−1 at 0.1 A g−1 still delivered 61 mAh g−1 at
1 A g−1. These results demonstrate that the addition of dFBn can

effectively decrease the polarization of both the graphite cathode
and the AMA, consequently promoting the rate capability.

Following the test of rate capability, the cells were subjected to
long-term cycling at 0.5 A g−1. The evolution of the discharge spe-
cific capacity and CE during these tests is presented in Figure 4d.
Both cells exhibited a steady capacity, however, the AUdF-based
cell achieved a substantially higher discharge specific capacity of
70 mAh g−1 compared with 21 mAh g−1 for the AU-based cell
at the 1000th cycle. Furthermore, the degree of polarization was
obviously mitigated by dFBn according to the potential profiles
at various cycles shown in Figure S14 (Supporting Information)
and the average dis-/charge potential shown in Figure S15 (Sup-
porting Information). The same remarkable improvement was
also observed upon long-term cycling tests at 0.5 A g−1 of the cells
within the cut-off potential of 0.5–2.25 V (Figure S16, Supporting
Information). After 500 cycles, the AUdF-based cell presented a
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Figure 5. Electrochemical performance of Al-S cells based on a,b) graphene@S-34% and c,d) graphene@S-54% at 20 °C. Evolution of specific discharge
capacity upon cycling at 0.1 A g−1 (a) and 0.05 A g−1 (c). Potential profiles in the 20th dis-/charge cycle (b, d).

discharge specific capacity of 71 mAh g−1, while only 31 mAh g−1

were delivered by the AU-based cell.
To investigate the reasons for the reduced polarization

achieved by dFBn addition, EIS spectra were measured on the
graphite cathodes in AU and AUdF after 20 cycles (Figure S17,
Supporting Information). As expected, the higher ionic con-
ductivity of AUdF lead to a smaller intercept at high frequen-
cies. Additionally, the depressed semicircle is smaller for AUdF
than AU. To understand the origin of this difference, graphite
electrodes were further examined with SEM, energy dispersive
-X-ray spectroscopy (EDX), and XPS after 200 cycles of dis-
/charge at 0.5 A g−1 in the two electrolytes. As observed via
SEM and EDX (Figure S18, Supporting Information), the mor-
phology of the cathode cycled in AUdF displays a porous struc-
ture, and elemental composition did not show distinct differ-
ences. The chemical state of the species on the cycled elec-
trodes was also examined via XPS (Figure S19, Supporting Infor-
mation). The spectra do not reveal distinguishable differences,
which indicates that the cathode/electrolyte interphase (CEI) on
the graphite cathodes is very similar in AU and AUdF elec-
trolyte. Therefore, the CEIs generated on graphite electrodes
in these two electrolytes are not responsible for the different
size of the depressed semicircle observed in EIS spectra. In-
stead, considering the viscosity of the electrolytes (Figure 1a)
and the porous nature of the graphite electrodes (Figure S18,
Supporting Information), one may infer that the reduced re-
sistance of the depressed semicircle originates from the pro-
moted wettability of the electrolyte toward the graphite electrode.
Although further investigation is required, these results have
clearly demonstrated the beneficial effect of dFBn co-solvents

on reducing the polarization of Al-graphite cells based on DE-
LEs.

2.4. Electrochemical Performance of Sulfur Cathodes in AUdF

Sulfur is a promising cathode candidate for AMBs due to its low
cost and high theoretical specific capacity.[55–57] Recently, Al-S bat-
teries have made significant progress, mainly with imidazole-
based ionic liquid electrolytes.[58–63] Al-S batteries employing low-
cost urea or urea-derivatives-based electrolytes usually exhibit
poor cycling ability,[30,36,64] due to the high viscosity and/or low
ionic conductivity of the electrolyte, etc.[36]

LC-DELE, however, appears a promising electrolyte for Al-S
batteries. Therefore, three-electrode T-shaped Al-S cells employ-
ing sulfur electrodes as the working electrode, Al metal as the
counter and reference electrodes, and AU or AUdF as the elec-
trolyte were assembled and tested at 20 °C. Graphene (Figures
S20b,S21, Supporting Information) was selected as the sulfur
host, and the sulfur content of the composite was 34 or 54 wt% as
examined with TGA (Figure S22, Supporting Information). The
loading of sulfur was set to 0.5 mg cm−2. More details can be
found in the Experimental Section of the Supporting Informa-
tion.

Figure 5a shows the discharge specific capacity evolution of
Al-S cells employing graphene@S (34 wt%) cathode and AU or
AUdF electrolyte at 0.1 A g−1. The potential profiles at the 1st
cycle are displayed in Figure S23 (Supporting Information). The
AUdF-based Al-S cell delivered an initial discharge specific ca-
pacity of 1640 mAh g−1, which is close to the theoretical capacity.

Adv. Mater. 2024, 36, 2400263 2400263 (7 of 9) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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After cycling for 100 cycles, 320 mAh g−1 was still delivered. In
contrast, the AU-based cell displayed, in duplicate experiments,
an initial discharge specific capacity of 94 mAh g−1, reaching
115 mAh g−1 after 50 cycles. From the potential profiles, a se-
vere polarization is observed for the AU-based cell in the 1st cy-
cle, which is greatly reduced for AUdF, i.e., by the addition of
dFBn. Such polarization reduction was observed at various cy-
cles as shown in Figure S23 (Supporting Information). The CV
curves (Figure S24, Supporting Information) of the AUdF-based
Al-S cell show a larger area and more prominent redox peaks
compared with AU, which agrees with the potential profiles in
Figure 5b.

Figure 5c presents the discharge specific capacity evolution
of sulfur cathodes with higher sulfur content (54%), but same
sulfur loading (0.5 mg cm−2) upon cycling at 0.05 A g−1. The
first cycle potential profile of the cells employing such a cath-
ode and AU or AUdF as electrolyte are displayed in Figure S25
(Supporting Information). Keeping the sulfur loading fixed, i.e.,
0.5 mg cm−2, the electrode employing graphene@S-54% exhib-
ited a lower overall electrode areal loading and thickness. As a
result, the graphene@S-54% electrode exhibited a higher initial
specific capacity of 798 mAh g−1 with AU than the graphene@S-
34% one.[36] Despite the promoted initial specific capacity, the
AU-based cell exhibited a fast capacity fading to 49 mAh g−1 after
50 cycles. As AUdF exhibited a much lower viscosity than AU,
the initial specific capacity was not influenced by the sulfur con-
tent in the graphene@S composite. However, more pronounced
potential plateaus were observed during charge and discharge of
the cell (Figure 5d and Figure S25, Supporting Information). Af-
ter 50 dis-/charge cycles, a high specific capacity of 308 mAh g−1

was still delivered.
The sulfur cathodes were characterized after 20 cycles in AU

and AUdF with SEM and EDX. Despite a rather similar sur-
face morphology (Figure S26a,b, Supporting Information), the
EDX spectra comparison (Figure S26c, Supporting Information)
showed a less intense sulfur peak for the electrode cycled in
AUdF. Considering this and the lower specific capacity obtained
in AU, one can infer that the improved fluidity of the electrolyte
after dFBn addition results in its better infiltration into the com-
posite sulfur cathode and, consequently, a better sulfur utiliza-
tion. This led to higher specific capacity and less residual sulfur
in the cathode, since its activity led to a larger generation of poly-
sulfides dissolving into in AUdF.

Although the polarization of Al-S battery has been significantly
reduced through the electrolyte optimization, it cannot be ig-
nored that the cell polarization is still large. The introduction
of functional catalysts in the cathode and/or the separator may
promote the polysulfides conversion.[58,63,65] The combination of
these latter approaches and the electrolyte designed in this work
is expected to further reduce the cell polarization.

3. Conclusions

LC-DELEs constructed via diluting DELEs, i.e., AU, with non-
solvating co-solvent, i.e., dFBn, have been developed for AMBs.
By the addition of dFBn, the fluidity and ionic conductivity of AU
are effectively improved without affecting its ionic dynamics. Due
to a better infiltration of AUdF into the porous cathodes, pro-
moting ion transport, cells employing either graphite or sulfur

cathodes exhibited reduced polarization and promoted specific
capacity. Moreover, dFBn also modified the SEI on AMAs reduc-
ing their interfacial resistance, which, together with the higher
electrolyte’s ionic conductivity, led to reduced polarization, im-
proved rate capability, and enhanced reversibility of AMAs. Sum-
marizing, adding non-solvating co-solvents into DELEs to con-
struct LC-DELEs provides a new path to develop low-cost AMBs
with high energy and/or power density.
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Supporting Information is available from the Wiley Online Library or from
the author.
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