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Harnessing organic electrolyte for non-
corrosive and wide-temperature Na-Cl2
battery

Qiuchen Xu1,4, Shanshan Tang1,4, Nachuan Li 1, Yan Wang1, Xiaoju Zhao1,
Xiao Zhang1, Shitao Geng1, Bin Yuan1, Shuo Wang1, Zhaofeng Ouyang 1,
Meng Liao 2, Linlin Ma3, Ming Shang 1, Yifan Sun 1, Huisheng Peng 2 &
Hao Sun 1

Rechargeable sodium-chlorine (Na-Cl2) batteries show great promise in grid
energy storage applications due to their high electrochemical performance.
However, the use of highly corrosive thionyl chloride (SOCl2)-based electro-
lytes has severely hindered their real-world applications. Here we show a non-
corrosive ester (methyl dichloroacetate) as a promising alternative to SOCl2,
which can form a non-corrosive electrolyte with aluminum chloride and
sodium bis(fluorosulfonyl)imide for high-performance rechargeable Na-Cl2
batteries. The resultant battery shows a reversible capacity of up to
1200mAhg−1 at a current density of 100mAg−1 calculated based on themass of
carbon with a discharge voltage of ~2.5 V, a wide temperature range from −40
to 80 °C, and long-term cycling stability of 700 cycles at −40 °C, which out-
performs conventional rechargeable Na-Cl2 batteries and state-of-the-art Na
metal batteries. The electrochemical performance and safety have been further
extended to fibre batteries, which realize wearable applications of recharge-
able Na-Cl2 batteries. Based on donor number and charge transfer as two key
descriptors, we further propose the design principle of organic electrolytes for
rechargeable Na-Cl2 batteries, which can fully unlock the designability and
sustainability of organic solvents towards practical Na-Cl2 batteries.

The ever-growing demand for clean and renewable energy has driven
the development of rechargeable batteries towards high energy density,
high safety, and high sustainability1–6. Rechargeable Na–Cl2 battery
which was developed by Dai et al. in 2021 showed advantageous ele-
ment abundance and electrochemical performance among state-of-the-
art Na batteries7–15 (Fig. 1a). Based on a Cl-based electrolyte composed of
SOCl2, AlCl3, and F-based additives such as sodium bis(fluorosulfonyl)
imide (NaFSI) and sodium trifluoromethanesulfonimide (NaTFSI), the
resultant battery can deliver a maximum reversible capacity of

1200mAhg−1 based on the mass of carbon with a discharge voltage of
3.5 V, making it a promising candidate in grid energy storage
applications16,17. Considerable efforts have been devoted to improving
their electrochemical performance17–19, however, the highly corrosive
SOCl2 in electrolyte remains a serious problem for the production,
operation, and recycling of the conventional Na–Cl2 battery15,20,21

(Fig. 1b). For example, the common battery packagingmaterials such as
aluminum plastic film and stainless-steel case can be corroded by the
SOCl2-based electrolyte, leading to inferior electrochemical
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performance and safety concerns. In addition, the relatively low boiling
point of SOCl2 at 76 °C has inhibited the energy storage performance
beyond room temperature22. Therefore, it is important to innovate the
current SOCl2-based electrolyte towards low corrosivity, high thermal
stability, and high electrochemical performance.

Non-corrosive organic solvents such as esters and ethers pro-
vide an attractive solution to the above issues23–27. Unfortunately,
their compatibility with AlCl3 remains a major challenge28,29 (Fig. 1c).
For instance, AlCl3 can react with a variety of cyclic ethers such as 1,3-
dioxolane due to the ring-opening polymerization reaction. In addi-
tion, AlCl3 exhibits inferior solubility in some other common organic
solvents such as tetrahydrofuran and acetonitrile, making it difficult
to select proper organic solvents for electrolyte preparation. In our
attempts to harness organic electrolytes for rechargeable Na–Cl2
battery, we notice that a non-corrosive chlorinated ester, i.e., methyl
dichloroacetate (MDCA), can form a mild organic electrolyte with
AlCl3 for non-corrosive and wide-temperature Na–Cl2 batteries,
enabling grid and wearable energy storage applications. More
importantly, we present the design principle of organic electrolytes
based on charge transfer and donor number as two key descriptors,
which provides new insights into the development of non-corrosive
and high-performance Na–Cl2 batteries.

Results and discussion
Ester electrolytes for rechargeable Na–Cl2 batteries
While the electron-donating groups in the organic solvent improve the
dissolution of AlCl3, too strong an interaction can lead to violent

reactions (Fig. 2a). To test this hypothesis, we performed density
functional theory simulations to analyze the electron density dis-
tributions of methyl acetate (MA), methyl dichloroacetate (MDCA),
and methyl trichloroacetate (MTCA) based on the terminal groups
with different chlorination degrees (Fig. 2b). With a non-chlorinated
−CH3 group, MA shows the lowest minimum electrostatic potential
(Emin) of −39.98 kcalmol−1 at the acyl oxygen atom, resulting in inten-
sified coordination and violent reactionwith AlCl3 (Fig. 2c); MTCAwith
a trichloro (–CCl3) group exhibits the highest Emin of −32.55 kcalmol−1,
resulting in inferior AlCl3 solubility (Fig. 2c). In comparison,MDCAwith
a –CHCl2 group demonstrates a moderate Emin of −37.70 kcalmol−1,
thus ensuring sufficient solubility for AlCl3 without undesirable side
reactions (Fig. 2c), as verified by nuclear magnetic resonance (NMR)
spectroscopy (Supplementary Fig. 1a).

The balance between coordination and non-reactivity for the
mixture of AlCl3 and MDCA allows us to prepare electrolyte with the
formula of 4M AlCl3 in MDCA (denoted as AM electrolyte). In 13C NMR
spectrum, the chemical shift of the C=O group in MDCA at 164.4 ppm
was shifted down-field compared to bare MDCA, due to the weakened
shielding effect indicating the coordination between Al3+ and MDCA30

(Supplementary Fig. 1a), which was further confirmed by the Raman
spectra31 (Supplementary Fig. 1b). With the addition of 1M NaFSI into
AM electrolyte (denoted as ANM electrolyte), the signature peaks of
MDCA were observed in the 13C NMR spectrum, and the up-field shift
compared with that of AM electrolyte revealed the weakened inter-
action between MDCA and AlCl3 due to the coordination between Na+

andMDCA. In addition, the introductionofNaFSI could convert Al2Cl7
−

Fig. 1 | Comparison of SOCl2 and organic solvent-based electrolytes for
rechargeable Na–Cl2 battery. a Comparison of the theoretical specific energy of
state-of-the-art Na andLimetal batteries7–15. The theoretical specific energy ofNa–S,
Na–O2, Na–I2 andNa–Cl2 batteries are calculated basedonNa2S, NaO2, I2, andNaCl,
respectively. More details are provided in Supplementary Table 1. b Photograph of
a broken Na–Cl2 pouch cell with the leakage of SOCl2 electrolyte on a fresh leaf,

leading to severe corrosion and toxic gas releasing. c Schematic illustration of the
rechargeable Na–Cl2 battery based on an electrolyte comprisedof AlCl3, NaFSI, and
SOCl2. The high corrosivity and inferior thermal stability of SOCl2 demands alter-
natives such as organic solvents, but their compatibility with AlCl3 requires rational
molecular structure design.
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(~312 cm−1) into AlCl4
− (~347 cm−1) as verified by Raman spectra, which

was in good agreement with the Fourier-transform infrared (FT-IR)
spectra (Supplementary Fig. 1c). Snapshots of the chemical structures
of ANM electrolyte based on ab initio molecular dynamics (AIMD)
simulations showed the presence of AlCl4

− and [AlCl2·(MDCA)]+ in the
electrolyte (Supplementary Fig. 2a). Radical distribution function
(RDF) further elucidated the coordination environment at 2.11 Å and
1.82 Å corresponded to the Al−Cl and Al−O bonds in AlCl4

− and
[AlCl2·(MDCA)]+, respectively (Supplementary Fig. 2b).

The ANM electrolyte exhibited higher chemical stability com-
pared to the AM electrolyte, as verified by the obvious color change
after the immersion of a Nametal foil in the AM electrolyte overnight
(Supplementary Fig. 3) 13C NMR spectroscopy further showed the
decomposition of MDCA in the AM electrolyte with the Na metal,
while the MDCA remained stable in the ANM electrolyte. Therefore,
the incorporation of NaFSI in the ANM electrolyte can effectively
suppress the chemical reaction between the electrolyte and Nametal
negative electrode. Moreover, the elimination of Al2Cl7

− in ANM
electrolyte compared with that of AM electrolyte can further effec-
tively suppress the Al deposition on the Na metal negative
electrode32,33. The Na plating and stripping behaviors measured by
Na||Al cells demonstrated that the ANM electrolyte showed long-
term cycling stability of over 300 cycles (2100 h) at 0.15mA cm−2 and
0.5mAh cm−2 (Supplementary Fig. 4). In contrast, the Na||Al cell using
the AM electrolyte showed drastically decreased Coulombic effi-
ciency in less than 200h. An average Coulombic efficiency of 94.33%
was demonstrated in Aurbach test using a Na||Al cell with the ANM
electrolyte (Supplementary Fig. 5). The enhanced Na plating and
stripping stability could be attributed to the formation of a NaF-rich
solid-electrolyte interphase layer with the presence of NaFSI in the
ANM electrolyte34,35 (Supplementary Fig. 6).

Redox reactions of the positive electrode
We further implemented the ANM electrolyte with a ketjenblack (KJ)
positive electrode and Na metal negative electrode for battery pre-
paration (see Section “Methods”). The resultant battery was first dis-
charged at 150mAg−1 to deliver a discharge capacity of 3102mAhg−1

calculated based on themass of KJ unless otherwise specified (Fig. 3a).
The possible reactions during the first discharge involve the reduction

ofMDCA, with the formation of NaCl, HCCl2COAlCl2 and NaOCH3. The
higher plateau at ~2.5 V corresponded to MDCA reduction with Na+

dissolving in the electrolyte by forming NaAlCl4 according to Eq. 1,
without NaCl salt generated on the positive electrode as proved by
X-ray diffraction (XRD) (Fig. 3b and Supplementary Fig. 7a). When Na+

became saturated, Eq. 1 terminated and NaCl salt began to deposit on
the positive electrode, corresponding to a lower discharge plateau at
~1.8 V as demonstrated in Eq. 2, which was terminated when the posi-
tive electrode was fully covered by NaCl salt (Supplementary Fig. 7b).

2Na+ + 2AlCl3 +HCCl2COOCH3 + 2e
� ! NaAlCl4 +HCCl2COAlCl2

+NaOCH3

ð1Þ

2Na+ +AlCl3 +HCCl2COOCH3+ 2e
�!NaCl +HCCl2COAlCl2 +NaOCH3

ð2Þ

After the first discharge, the formation of NaCl on the positive
electrode was verified by XRD spectra and scanning electron micro-
scopy (SEM) (Fig. 3b and Supplementary Fig. 8). High-resolution mass
spectrometry (HRMS) profiles showed the formation of HCCl2COAlCl2
(m/z= 208.8479) from MDCA (Supplementary Fig. 9), which was fur-
ther confirmed by the emerging peak at 95.56 ppm in 27Al NMR spectra
(Fig. 3c). The calculated shift of 27Al NMR for HCCl2COAlCl2 was at
94.43 ppm via density functional theory (DFT), which was close to our
experimental result (Supplementary Fig. 10). In addition, the FT-IR
spectra of the discharged positive electrode revealed the formation of
NaOCH3 after the first discharge36,37 (Supplementary Fig. 9b), indicat-
ing the reduction of MDCA on the positive electrode according to
Eqs. 1 and 2.

The in situ formed NaCl on the positive electrode could enable
subsequent oxidation during battery charge, accompanied with Na
plating on the negative electrode as verified by the plating potential at
~−2.95 V versus Ag/AgCl in a three-electrode Swagelok cell (Supple-
mentary Fig. 11). At a charge capacity of 200mAhg−1, the resultant
battery exhibited decent electrochemical reversibility at the 50th cycle
(Fig. 3d). The reactions on the positive electrode involve NaCl/Cl2
redox (Supplementary Fig. 12) and cleavage/formation of C–O bond in

Fig. 2 | Non-corrosive ester electrolyte for rechargeable Na–Cl2 battery.
a Schematic illustration of the interaction between Al3+ and C=O in ester regulated
by the electron-donating and electron-withdrawing properties of the terminal
group (R group in a). b Calculated electrostatic potential (ESP) maps of methyl
acetate (MA),methyl dichloroacetate (MDCA), andmethyl trichloroacetate (MTCA)

based on –CH3, –CHCl2, and –CCl3 as the terminal group, respectively.
c Photographs of themixtures of 4MAlCl3 and the corresponding esters in (b).MA
shows a violent reaction with AlCl3, while MTCA exhibits poor solubility for AlCl3.
The mixture of MDCA and AlCl3 forms a clear electrolyte without the undesirable
side reactions.
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MDCA during cycling. For instance, the oxidation of NaCl was con-
firmed by the significantly decreased signal of NaCl at the first charged
state compared with that at the first discharged state in XRD (Sup-
plementary Fig. 13a). Moreover, the Cl K-edge X-ray absorption near-
edge structure (XANES) spectra (Fig. 3e) showed the absorption peak
at 2824 eV corresponding to the formation of Cl2 during charging38,39,
in agreement with the profiles of differential electrochemical mass
spectrometry (DEMS) (Supplementary Fig. 13b, c). The detected C–Cl
bond at the fully charged KJ positive electrode based on X-ray pho-
toelectron spectroscopy (XPS) indicated the interaction between the
generated Cl2 and carbon, suggesting the trapping of Cl2 inside the

pores of the carbon40 (Supplementary Fig. 13d). The positive electrode-
electrolyte interphase layer was further investigated using XPS, which
showed the formation of NaF on the discharged positive electrode
after 20 cycles (Supplementary Fig. 13e).

In addition, the redox reactions ofMDCA had been verified by the
decreased HCCl2COAlCl2 signal in 27Al NMR spectra during charging
(Supplementary Fig. 13f), alongwith theweakenedNaOCH3 peak in FT-
IR spectra (Fig. 3f). To further confirm the reversible cleavage/forma-
tion of C−O bond inMDCA, we conducted in situ Raman spectroscopy
and observed the disappeared C−O vibration (~395 cm−1) during dis-
charging from 2.0 to 1.5 V41, as well as the regeneration of C−O

Fig. 3 | Positive electrode chemistry of the battery using the ANM electrolyte.
a First discharge curve using the ANM electrolyte at a current density of 150mAg−1.
b XRD patterns of the positive electrodes in the as-prepared, discharged to
1000mAhg−1, and fully discharged states. c 27Al NMR spectra of the ANM electro-
lyte before and after the first discharge. dGalvanostatic charge-discharge curves at
the 50th cycle. The charge capacity and current density are 200mAhg−1 and
150mAg−1, respectively. eClK-edgeXANES spectra of the positive electrodes in the

first discharged and subsequent charged states. f FT-IR spectra of the positive
electrodes in the as-prepared, discharged, and charged states. g In situ Raman
spectraof the ANMelectrolyte during a continuous discharge-chargeprocess. TOF-
SIMS depth profiling of the secondary ion fragments on the discharged (h) and
charged (i) positive electrodes. j Schematic illustration of the possible reduction
mechanism of MDCA during discharge.
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vibration at the end of charging process (Fig. 3g), indicating the
reversible consumption and re-generation of MDCA during battery
cycling. Three-dimensional distributions of C−, NaCl−, Cl2

−,
CCl2COAlCl2

−, and NaOCH2
− were probed on the discharged positive

electrode using time-of-flight secondary-ion mass spectrometry (TOF-
SIMS), verifying the formation of NaCl, HCCl2COAlCl2, and NaOCH3 in
the discharged state (Fig. 3h and Supplementary Fig. 14a). Besides,
NaCl was mainly distributed on the positive electrode surface, while
most of the reduction products of MDCA were found inside the posi-
tive electrode, suggesting that MDCA could diffuse into the carbon to
formHCCl2COAlCl2 andNaOCH3. During charge, the oxidationof NaCl
with the formation of Cl2 was verified by the decreased intensity of
NaCl⁻ and enhanced intensity of Cl2⁻ according to TOF-SIMS (Fig. 3i
and Supplementary Fig. 14b). In addition, the decreased intensities of
HCCl2COAlCl2 and NaOCH3 further supported the proposed battery
reactions of our rechargeableNa–Cl2 batteries according to Eq. 3 and 4
(Supplementary Fig. 15).

2Na+ +Cl2 + 2e
� $ 2NaCl ð3Þ

2Na+ +AlCl3 +HCCl2COOCH3 + 2e
� $ NaCl +HCCl2COAlCl2 +

+NaOCH3
ð4Þ

We thus proposed the possible reductionmechanism of MDCA in
Fig. 3j. During discharge, the coordination with AlCl3 caused the acti-
vated complex to reduce on the positive electrode to form a radical
anion intermediate (Int 1 in Fig. 3j), which underwent isomerization to
produce an acyl radical intermediate (Int 2 in Fig. 3j), simultaneously
releasing AlCl3 and NaOCH3. Int 2 could be further reduced to form an
acyl carbanion intermediate (Int 3 in Fig. 3j) and then attacked AlCl3 to
obtain the final product. The above process was further verified by

introducing 2,2,6,6-tetramethylpiperidinyl-1-oxide (TEMPO) to the
electrolyte as a radical trapping agent, and the TEMPO-Int 2 adduct
(m/z = 268.0899) could be detected byHRMS (Supplementary Fig. 16).

Battery performance based on the ester-based electrolyte
The electrochemical stability window of the ANM electrolyte was
assessed using linear scan voltammetry, demonstrating stable oxida-
tion stability up to 4.38 V at 25 °C (Supplementary Fig. 17). The
rechargeable Na–Cl2 battery based on the ANM electrolyte showed
decent electrochemical properties at room temperature, for instance,
a maximum reversible capacity of 1200mAh g−1 (1.4mAh cm−2) based
on the mass of carbon at an average discharge voltage of ~2.5 V, which
was significantly higher than ~2.0 V based on the AM electrolyte
(Fig. 4a). The charge curve exhibited a polarization effect at the end,
indicating that the deposited NaCl during first discharge was almost
consumed, as verified by the SEM image without observable NaCl
crystals (Supplementary Fig. 18). With the deposited NaCl on the
positive electrode of ~1500mAhg−1 during the first discharge accord-
ing to Eq. 2, the depth of charge reached 80% with a capacity of
1200mAh g−1 for the subsequent charging process. Electrochemical
impedance spectroscopy (EIS) showed a much lower charge-transfer
resistance (Rct) of 75 Ω based on the ANM electrolyte compared with
7664 Ω based on the AM electrolyte, indicating that NaFSI can effec-
tively facilitate charge transfer at the electrode-electrolyte interface42

(Fig. 4c and Supplementary Fig. 19 and Supplementary Table 2). Thus,
the ANM electrolyte enabled an enhanced battery cycling stability of
more than 200 cycles compared with less than 50 cycles using the AM
electrolyte at 200mAh g−1 and 1000mAg−1 (Fig. 4b and Supplemen-
tary Fig. 20). The Coulombic efficiency above 100% in the initial cycles
can be attributed to the additional reduction of MDCA due to the
activation of KJ during NaCl oxidation over the initial cycles, similar
with conventional Li/Cl2 batteries using the SOCl2-based electrolyte43.

Fig. 4 | Electrochemicalproperties of the rechargeableNa–Cl2 batteryusing the
ester-based electrolyte. a Galvanostatic charge-discharge curves of the
rechargeable Na–Cl2 batteries using the AM and ANM electrolytes at 150mAg−1.
The charge capacity is 1200mAhg−1, corresponding to an areal capacity of
1.4mAh cm−2.bCyclingperformanceof the rechargeableNa–Cl2 batteries using the
AM and ANM electrolytes at 1000mAg−1. The specific charge capacity is
200mAhg−1. c Nyquist plots of the Na–Cl2 batteries using the AM and ANM elec-
trolytes. d Cycling performance of the rechargeable Na–Cl2 battery using the ANM
electrolyte at 80 °C. The charge capacity and current density are 800mAh g−1

(0.9mAhcm−2) and 200mAg−1, respectively. The inset shows the representative
galvanostatic charge-discharge curves of the resultant battery at the 12th cycle.
e Galvanostatic charge-discharge curves of the rechargeable Na–Cl2 battery using
the ANMC electrolyte at increasing temperatures from −40 °C to 80 °C. The charge
capacity and current density are 200mAhg−1 and 150mAg−1, respectively. fCycling
performance of the rechargeable Na–Cl2 battery using the ANMC electrolyte at
−40 °C. The charge capacity and current density are 200mAh g−1 and 150mAg−1,
respectively.
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Once the active sites have been fully activated and passivated, the
Coulombic efficiencies could be stabilized at ~100%. After 200cycles in
ANM electrolyte, the Na metal negative electrode exhibited a smooth
surface without observable Na dendrite formation (Supplementary
Fig. 21). In comparison, the use ofmethyl chloroacetate (MMCA) as the
solvent for electrolyte preparation resulted in low Coulombic effi-
ciencies and cycling stability (Supplementary Fig. 22a, b), which could
be attributed to the inferior negative electrode-electrolyte interface, as
verified by the irreversible Na plating and stripping in the Na||Al cell
(Supplementary Fig. 22c).

Distinguished from the high reactivity and low boiling point of
SOCl2 that inhibits high-temperature battery performance, our ANM
electrolyte exhibited cycling stability at 80 °C with a reversible capa-
city of 800mAh g−1 (0.9mAh cm−2) for 20 cycles (Fig. 4d). While the
ANMelectrolyte exhibited decent electrochemical performance over a
broad temperature range from −20 °C to 80 °C (Supplementary
Fig. 24a), we further introduced chloroform-d (CDCl3) as an efficient
diluent to enhance the low-temperature performance44. With a volume
ratio of MDCA: CDCl3 at 1:1, the obtained ANMC electrolyte showed an
enhanced ionic conductivity of 3.36mScm−1 and a reduced viscosity of
2.55mPa s at 25 °C, compared with 1.28mS cm−1 and 18.25mPa s of the
ANM electrolyte (Supplementary Fig. 23). 13C NMR spectra confirmed
the chemical stability of the ANMC electrolyte (Supplementary
Fig. 24c). The introduction of CDCl3 had narrowed the 23Na spectrum
line (Supplementary Fig. 24d), due to the reduced spin-lattice relaxa-
tion time originated from the heightened molecular motion. There-
fore, the introduction of CDCl3 can facilitate Na+ ion transport in the
electrolyte, thus benefiting the battery performance at low tempera-
tures. The battery with the ANMC electrolyte afforded a wide tem-
perature range from −40 °C to 80 °C (Fig. 4e), which is highly
competitive among state-of-the-art conversion-type Na metal
batteries17,45–47 (Supplementary Fig. 25a). The higher Coulombic effi-
ciencies at high temperatures canbe attributed to the enhancedMDCA

reduction, as well as the facilitated Na+ transport and reaction kinetics
(Supplementary Fig. 24b). In addition, it exhibited a long cycle life of
more than 700 cycles at −40 °C (Fig. 4f), making it a promising com-
petitor among low-temperature Na metal batteries48–54 (Supplemen-
tary Fig. 25b). With the use of CHCl3 as an alternative diluent, the
resultant battery showed a decreased cycle life of 400 cycles (Sup-
plementary Fig. 24e), which could be attributed to the higher bond
energy of C−D bond compared to the C−H bond55. Such a wide tem-
perature range can enable a variety of applications such as deep-sea
and polar exploration, as demonstrated in a simulated desert areawith
a large temperature fluctuation (Supplementary Fig. 25c).

To validate the practicability of our rechargeable Na–Cl2 battery,
we further investigated the battery retention performance in the fully
charged state at 50 °C, which retained electrochemical performance
during an overall retention time of 70 days, while the conventional
Na–Cl2 battery using the SOCl2 electrolyte rapidly failed after only 27 h
(Fig. 5a). This can be explained by the reduced corrosivity of our ester-
based electrolyte compared to the highly corrosive electrolyte based
on SOCl2, which caused severe corrosion to both Na metal negative
electrode and packaging materials (Supplementary Fig. 26). At a
negative/positive (N/P) ratio of 5:1 based on the mass of active mate-
rials, our rechargeable Na–Cl2 battery could retain more than 88% of
the original capacity after 40 cycles, compared with the rapid battery
failure at the 7th cycle based on the conventional SOCl2 electrolyte
(Supplementary Fig. 27), thus verifying the decent electrochemical
reversibility derived from our ANM electrolyte.

We further fabricated rechargeable Na–Cl2 pouch cells using our
ANM electrolyte, which demonstrated consistent cell thickness after
3-day retention at room temperature, in stark contrast to the severe
volume expansion using the conventional SOCl2 electrolyte (Fig. 5b).
Based on the headspace coupled to gas chromatography-mass spec-
trometry, sulfur dioxide, propane, chloromethane, and ethyl chloride
were detected as the gas products (Supplementary Fig. 28), indicating

Fig. 5 | Applications of the rechargeable Na–Cl2 battery based on ester-based
electrolyte. a Comparison of the retention capability of the rechargeable Na–Cl2
batteries using ANM and SOCl2 electrolytes. Voltage-time curves of the batteries
were recorded in the fully charged states at 50 °C. The batteries were alternately
cycled at 200mAhg−1 and 150mAg−1 to validate the electrochemical performance.
bPhotographsof the rechargeableNa–Cl2 pouchcells after 3-day retention at25 °C.
c Variations of the temperature and voltage of the Na–Cl2 pouch cell in the nail

penetration test. The inset shows the temperature distribution of the cell right after
the nail penetration test. d Cycling performance of rechargeable Na–Cl2 pouch cell
using the ANM electrolyte at a charge capacity of 100mAh and a current density of
200mAg−1. e Cycling performance of the rechargeable Na–Cl2 fiber battery based
on the ANMC electrolyte at increasing temperatures, such as −20, 0, 25, 50, and
80 °C. The charge capacity and current density are 200mAhg−1 and 150mAg−1,
respectively.
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the severe corrosions of the Na metal negative electrode and alumi-
num plastic film by the SOCl2 electrolyte. We further conducted nail
penetration test using our Na–Cl2 pouch cell, which avoided short
circuit and obvious heat generation (Fig. 5c). In addition, our ANM
electrolyte showed mild reactivity with water, while the SOCl2 elec-
trolyte reacted violently with water, releasing large amounts of heat
and gases (Supplementary Video 1). In stark contrast to the severe
corrosion of beef by the SOCl2 electrolyte from a broken pouch cell,
our ANM electrolyte showed substantive less corrosive to the beef
(Supplementary Fig. 29 and Supplementary Video 2). A Na–Cl2 pouch
cell was produced with a first discharge capacity of 640mAh (Sup-
plementary Fig. 30), which could deliver a reversible capacity of
~100mAh at 150mAg−1 in the subsequent cycles for more than 20
cycles (Fig. 5d). We further extended the battery concept to fiber
battery, based on a multi-walled carbon nanotube (MWCNT) as the
positive electrode and a Na metal deposited MWCNT fiber as the
negative electrode coupling with the ANMC electrolyte (Supplemen-
tary Fig. 31). The resultant fiber battery exhibited a wide temperature
range from −20 °C to 80 °C (Fig. 5e), demonstrating their potential
applications as wide-temperature, high-safety, and wearable power
supplies3,56–58.

We further made a thorough comparison on the corrosion of the
SOCl2- and MDCA-based electrolytes. Firstly, the conventional SOCl2-
based electrolyte is corrosive to common packaging materials such as
aluminum plastic film and stainless-steel coin cell case, and showed
corrosivity to biological tissues such as beef, while our MDCA-based
electrolyte showed significantly enhanced chemical stability to these
materials. In addition, our ANM electrolyte demonstrated significantly
higher Coulombic efficiencies and cycling stability in Na||Al cells
compared with those based on conventional SOCl2 electrolyte (Sup-
plementary Fig. 32). XPS profiles further showed the formation of a
composite SEI comprised of NaF and organic chloride (Supplementary
Fig. 33), which could efficiently suppress the corrosion of Na metal,
thereby avoiding the use of substantial Na metal on the negative
electrode towards practical full cells. Moreover, the conventional
SOCl2-based electrolyte can generate a variety of corrosive and volatile
products such as SCl2 and S2Cl2 during battery charge21, which may
cause further corrosion or safety issues during battery operation. In
contrast, the organic oxidation product of MDCA is less corrosive,
suppressing electrolyte corrosion during long-term cycling. Notably,
the trapping of Cl2 inside the pores of carbon could avoid its reaction
with the other battery components, contributing to retention cap-
ability at the fully charged state at 50 °C using the MDCA-based elec-
trolyte. Besides, the corrosion issue of Cl2 could be further eased by
the immediate solidification of the MDCA-based electrolyte within
seconds due to the rapid hydrolysis of AlCl3 (Supplementary Fig. 34),
which could further suppress the leakage of Cl2 and benefit operation
safety.

Design principles of organic electrolyte for rechargeable Na–Cl2
battery
While the ESPmin serves as a preliminary descriptor of the nucleophilic
trend among similar molecules, as demonstrated by the influence of
the varied chlorine substituents on methyl acetate, it cannot defini-
tively predict the interactions of AlCl3 with different types of organic
solvent59. To facilitate the development of organic electrolytes for
rechargeable Na–Cl2 batteries, it is important to establish the elec-
trolyte design principle. The primary criterion lies in the formationof a
Lewis acid-base adduct between AlCl3 and organic solvent. This allows
the electron deficiencyof the Lewis acid to be filled by the donor’s lone
pair electrons. Donor number (DN) describes the electron pair dona-
tion capability60, thus representing an important descriptor to evalu-
ate the AlCl3 dissociation capability of the organic solvent (Fig. 6a).
However, DN alone is not enough to fully describe the dissolution
capability of the organic solvent. For instance, dichloroethane (DCE)

has a DN of 0 which is very similar to 0.7 of acetyl chloride (AcCl), but
only AcCl is capable of forming a Lewis acid-base adduct with AlCl3,
while DCE exhibits poor solubility for AlCl3. Therefore, charge transfer
(ΔN), defined as the fractional number of electrons transferring
between the Lewis base and Lewis acid, is further introduced to eval-
uate the direction of charge transfer between AlCl3 and the organic
solvent61 (Fig. 6a). For instance, a negative ΔN indicates electron
transfer from the organic solvent to AlCl3, thus ensuring the formation
of the Lewis acid-base adduct. However, if the ΔN is too negative,
severe electron transfer from the organic solvent to AlCl3 wouldoccur,
leading to a violent reaction without the formation of organic
electrolytes.

Therefore,wepropose the designprinciple oforganic electrolytes
for rechargeable Na–Cl2 batteries, using DN and ΔN as the key
descriptors based on theoretical calculations and experimental results
(Fig. 6b, c and Supplementary Table 3 and Supplementary Fig. 35). In
Regions I and II of Fig. 6b, the organic solvents with high DN (>10) and
relatively low ΔN values are prone to react with AlCl3, while those with
low DN values in Region III demonstrate poor AlCl3 solubility (Fig. 6c).
Therefore, the organic solvents in Region IVwith lowDNandmoderate
ΔN values hold promise to ensure the dissolution of AlCl3 without
solvent decomposition. For verification, we selected nitrobenzene,
acetyl chloride (ArCl) in Region IV as the organic solvents for electro-
lyte preparation (Supplementary Fig. 36), which showed decent solu-
bility for AlCl3 without solvent decomposition. The resultant batteries
showeddecent electrochemical properties, for example, an averageCE
of 98.8% during 200 cycles with a reversible capacity of 200mAhg−1

based on the nitrobenzene/AlCl3/NaFSI electrolyte (Fig. 6d, e). These
results confirm the effectiveness of the design principle for organic
electrolytes, and provide new insights into electrolyte innovation for
next-generation rechargeable Na–Cl2 batteries (Supplemen-
tary Fig. 37).

Conclusions
In summary, we develop a family of non-corrosive ester-based elec-
trolytes for rechargeable Na–Cl2 batteries. This overcomes the key
challenges in high corrosivity and poor thermal stability of SOCl2-
based electrolytes, thus enabling practical applications of recharge-
able Na–Cl2 batteries. We verify that the −CHCl2 group in MDCA can
ensure sufficient AlCl3 dissolution and suppress the undesirable reac-
tion with AlCl3, realizing ester-based electrolytes for rechargeable
Na–Cl2 batteries. Leveraging the non-corrosivity and thermal stability
of our MDCA electrolyte, the resultant batteries exhibit a wide tem-
perature range from −40 to 80 °C, and long-term cycling stability over
700 cycles at −40 °C, which significantly extend the electrochemical
performance of the conventional Na–Cl2 batteries. We further present
the design principle of organic electrolytes based on donor number
and charge transfer as two key descriptors, which provide new insights
for electrolyte development of rechargeable Na–Cl2 batteries. Our
results not only harness organic electrolytes for non-corrosive and
wide-temperature Na–Cl2 batteries towards practical applications but,
in a broader context, establish a general electrolyte design principle to
unlock the designability and sustainability of rechargeable Na–Cl2
batteries.

Methods
Materials
Methyl acetate (MA, 99.0%), methyl monochloroacetate (MMCA,
99.0%), methyl dichloroacetate (MDCA, 99.0%), methyl tri-
chloroacetate (MTCA, 99.0%), nitrobenzene (99.0%), chloroform-D
(CDCl3, 99.8%), tetrahydrofuran (THF, 99.0%), dimethyl sulfoxide
(DMSO, 99.9%), acetone (AC, 99.5%), ethylene carbonate (EC, 99.9%),
acetonitrile (AN, 99.9%), dichloroethane (DCE, 99.5%), 1,2-dimethox-
yethane (DME, 99.0%), 1,3-dioxolane (DOL, 99.9%), dimethyl carbonate
(DMC, 99.0%), γ-butyrolactone (GBL, 99.0%), triethyl phosphate (TEP,
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Fig. 6 | Design principles of organic electrolytes for rechargeable Na–Cl2 bat-
teries. a Donor number (DN) and charge transfer (ΔN) of the common organic
solvents and their compatibility with AlCl3. b Solvent diagram of DN versus ΔN
according to density functional theory calculations. DME 1,2-dimethoxyethane,
THF tetrahydrofuran, DOL 1,3-dioxolane, DMC dimethyl carbonate, DMSO dime-
thyl sulfoxide, AC acetone, GBL γ-butyrolactone, TEP triethyl phosphate, SL

sulfolane, Py pyridine, PC propylene carbonate, EC ethylene carbonate, DCE
dichloroethane, MMCA methyl monochloroacetate, AN acetonitrile, ArCl acetyl
chloride. c Photographs of the mixtures of AlCl3 and various organic solvents.
d, e Cycling stability and representative galvanostatic charge-discharge curves of
the rechargeable Na–Cl2 battery using a nitrobenzene/AlCl3/NaFSI electrolyte. The
current density and charge capacity are 500mAg−1 and 200mAhg−1, respectively.
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99.0%), sulfolane (SL, 99.0%), pyridine (Py, 99.0%), propylene carbo-
nate (PC, 99.9%) and nitromethane (99.0%) were purchased from
Adamas Reagent (Shanghai). Anhydrous aluminum chloride (AlCl3,
99.0%) and acetyl chloride (ArCl, 99.0%) were purchased from TCI
Development Co., Ltd. Thionyl chloride (SOCl2, 99.0%) was purchased
from Energy Chemical (Shanghai). Sodium bis(fluorosulfonyl)imide
(NaFSI, 99.9%) was purchased from Changde Dado New Material Co.,
Ltd. Ni foam (99.8%, 0.5mm in thickness), ketjenblack (KJ, ECP-600JD),
and PTFE emulsion binder (60wt%, Daikin, D-210C) were purchased
from Cyber Electrochemical Materials. Na metal cubes (99.7%) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
All the organic solvents were dried using 4 Åmolecular sieves, and the
NaFSI salt was dried at 90 °C overnight in a vacuum oven before use.
All the other chemicals were used as received without further
purification.

Preparation of the electrolytes
All the electrolytes were prepared inside an argon-filled glove boxwith
the contents of H2O and O2 both below 1 ppm. The AM electrolyte was
prepared in a glass vial by dissolving 4M AlCl3 in MDCA under stirring
at 800 rpm for 1 h. The ANM electrolyte was prepared by adding 1M
NaFSI to the AM electrolyte, followed by stirring at 800 rpm for 2 h.
The ANMC electrolyte was prepared by dissolving 4M AlCl3 in the
mixture of MDCA and CDCl3 (1:1 in volume), followed by adding 1M
NaFSI. The SOCl2 electrolyte was prepared by adding 4M AlCl3 in
SOCl2, followed by adding 1M NaFSI under stirring at 800 rpm for 2 h.
The nitrobenzene electrolyte was prepared by dissolving 8M AlCl3 in
nitrobenzene/CDCl3 (1:1 in volume), followedby adding 2MNaFSI. The
acetyl chloride electrolyte was prepared based on the samemethod by
replacing nitrobenzene with acetyl chloride.

Preparation of the electrodes
To prepare the slurry of the positive electrode, ketjenblack (KJ) and
PTFE (polytetrafluoroethylene, 60% aqueous dispersion) were mixed
at a weight ratio of 9:1 in ethanol. The mixture was sonicated until the
carbonmaterials were uniformly dispersed. The nickel (Ni) foams with
a diameter of 14mm were fabricated using a manual disk cutter (MTI,
MSK-T-10), followed by cleaning in ethanol under ultrasonication for
30min. One hundred and fifty microliters of the obtained slurry was
repeatably dropped onto the Ni foam on an 80 °C hot plate after
evaporation of the ethanol. The above process was repeated until the
carbon mass loading reached 1–2mg cm−2. The resultant positive
electrodeswere dried at 80 °Covernight in a vacuumoven, and further
roll-pressed into a thinner electrode.

Preparation and characterization of the rechargeable Na–Cl2
batteries
All the batteries were assembled inside an argon-filled glove box with
the contents of H2O and O2 both below 1 ppm. The Na metal cube was
stored in kerosene before use. The Na metal negative electrode was
prepared by cutting off the surface oxidation of a Nametal cube using
a clean blade, followed by pressing the Na metal using a round plastic
rod into a thin Nametal foil with a diameter of 14mm and thickness of
0.45mm. Two layers of glass fiber membrane (GF/D, Whatman) were
used as the separator (diameter of 16mm). 150μL electrolyte was used
for each cell. SS316 coin cell cases were used to prepare CR2032 coin
cells, and a digital pressure controllable electric crimper (MTI, MSK-
160E) was used for cell encapsulation. All the coin cells were encap-
sulated under an encapsulation pressure of 0.09MPa. The Coulombic
efficiency (CE) is calculated as the ratio of discharge capacity divided
by the charge capacity in the preceding charge cycle. The Na–Cl2 fiber
battery was fabricated based on a coaxial configuration, which was
composed of a multi-walled carbon nanotube (MWCNT) fiber depos-
ited with Na metal as the negative electrode, a MWCNT fiber as the
positive electrode, the ANMC electrolyte, and a PP/Al2O3 separator.

The assembled fiber battery was sealed inside a PTFE tube (outer
diameter of 2.6mm, inner diameter of 2mm)using anorganic silica gel
(Kafuter, K-704). The electrochemical measurements were conducted
at 25 °C in a thermostatic test chamber (Neware MHW-200). At least
three cells were tested for a single electrochemical experiment, with
statistical analysis of all the cells conducted and the most repre-
sentative one presented in the plots. The low-temperature electro-
chemical characterizations were performed using a 0 °C freezer
(Frestech Group), a − 20 °C freezer (Hicon Industry Co., Ltd), and a
−40 °C freezer (Jiesheng Cryogenic Equipment Co., Ltd). The high-
temperature electrochemical characterizations were performed using
an electrothermal constant-temperature dry box (Yiheng Technology
Co., Ltd.). The galvanostatic charge-discharge curves were measured
using a Neware battery testing system (CT-4008Tn-5V50mA-164-U). A
CHI660E electrochemical work station was used for the electro-
chemical impedance spectroscopy (EIS) measurements, using CR2032
coin cells with a Na metal foil (diameter of 14mm) serving as both
counter and reference electrodes, and a carbon loaded on Ni foam
serving as the working electrode. It should be noted that the minor
side reactions of the Na metal in the electrolyte may cause slight
potential deviation from the ideal potential ofNametal. Prior to the EIS
measurement, the cell was retained at the open-circuit voltage (OCV)
condition for 60min for stabilization. The EIS measurements were
conducted under potentiostatic conditions, with the working elec-
trode maintained at a predetermined constant potential. The fre-
quency range was 0.01 to 105 Hz at an amplitude of 5mV and 12 data
points were collected per decade of frequency. Three-electrode Swa-
gelok cell were conducted using a Na metal foil (diameter of 10mm)
served as the working electrode, Ag/AgCl as the reference electrode
and carbon on Ni foam (diameter of 10mm) as the counter electrode.
Two hundred microliters electrolyte was used for the Swagelok cell
and iR drop corrections were performed.

Characterizations
SEM images were obtained by field emission scanning electron
microscopy (ZEISS, Gemini300) at an accelerating voltage of 5 kV. XRD
patterns were recorded on a Rigaku X-ray diffractometer ARL Equinox
at a rate of 2 °min−1 over the range of 20–90° (2θ). Raman spectra were
conducted on a Horiba LabRAM Solei Raman spectroscopy excited by
a laser beam of 785 nm over the spectral range of 200–1000 cm−1. The
tested electrolytes were sealed in a capillary. In situ Raman measure-
ments were carried out using a spectroelectrochemical chamber
(MicroElab) with a curve acquired every 5minutes. XPSwas performed
on a Thermo ESCALAB 250Xl with a monochromatic Al Kα source
(hν = 1486.6 eV) as the X-ray source. The XPS samples were dis-
assembled in the glovebox. The positive electrodes and negative
electrodeswere rinsedwithCHCl3 and 1,2-dimethoxyethane to remove
the residual electrolyte, respectively, followedby vacuum treatment to
remove the solvents. The obtained samples were then transferred to
an Ar-filled chamber for XPS measurement without exposure to air.
The vacuumdegree of the analysis chamberwas less than 5 × 10–9 Torr.
The test area size is a circle with a diameter of 500 μm. All the binding
energies were calibrated with C 1s peak (284.8 eV). ION-TOF TOF-SIMS
5 was used for TOF-SIMS measurement with the pressure of the ana-
lysis chamber below 1.1 × 10−9 mbar. Depth profiling was conducted
using a Bi3+ ion beam of 30 keV (0.48 pA pulsed current) for organic
imaging in a delay extractionmode. The sputtered Cs+ beamwas 2 keV
with a sputter raster of 250 × 250 μm2 and the analysis area is 50 ×
50 μm2. HRMS were acquired on a Waters Micro mass quadrupole/
time-of-flight (Q-ToF) Premier mass spectrometer (G2-XS/APGC, 50-
2000m/z) in both positive and negative ion modes. The solvent sys-
tem was acetonitrile with a flow rate of 0.1mLmin−1. The data was
analyzed by MassLynx V4.1 software. The gas products in pouch cells
during retention were analyzed using headspace coupled to gas
chromatography-mass spectrometry (Agilent 8890). The NMR
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experiment was performed at 25 °C on a Bruker Avance III 500MHz
liquid NMR spectrometer equipped with a Z-axis gradient filed (50G/
cm inmaximum) BBFOprobe. All theNMR tubeswere dried in vacuum
at 80 °C before use. In the glovebox, 400μL of electrolyte was trans-
ferred into the NMR tube (5mm high throughput). A coaxial internal
insert that contains 100μL NMR solvent (i.e., DMSO) was inserted into
the NMR tube to ensure the analysis while preserving the original
electrolyte. The NMR tubes were tightly sealed with their caps and the
Parafilm tape. 13C NMR spectra were acquired with a spectral width of
239.5 ppm, an acquisition time of 1.08 s, a recycle delay of 1 s, and 512
number of scans. 27Al NMR spectrawere acquired with a spectral width
of 1009.6 ppm, an acquisition time of 0.25 s, a recycle delay of 1 s, and
32 number of scans. FT-IR spectrawere recorded on aNicolet 6700 FT-
IR spectrometer in the 400–4000 cm−1 region at room temperature. Cl
K-edge XANES spectra were carried out at 4B7A station of Beijing
Synchrotron Radiation Facility (BSRF). The beamline was operated at
2.5 GeV with a maximum current of 250mA using a Si (111) double-
crystal monochromator. The spectrum of the standard NaCl sample
was acquired using a total electron yield mode at a vacuum degree of
10−3 to 10−4 Pa. DEMS were conducted using a commercial quadrupole
mass spectrometer (Linglu Instrument). A home-made Swagelok bat-
tery equipped with two poly(ether-ether-ketone) capillary tubes as the
gas inlet and outlet was employed to detect the ion current of the gas
product under argon purge. The batterywasfirstflushedwith Ar gas at
a constant flow rate of 1mLmin−1 for 2.5 h to calibrate the baseline. The
discharge/charge time was 74minutes at a current density of
1.2mA cm−2 with carrier gas flowing at 1mLmin−1. The DEMS results at
the charge and discharge states mainly focused to reveal the variation
of Cl2 during battery cycling. The electron multiplier was used to
amplify the signalduring tests. The ionic conductivitiesweremeasured
using a commercial conductivity meter (Mettler Toledo FE38). The
probe was calibrated to a standard solution (1413 μS cm−1) at 25 °C.
Approximately 10mL electrolyte was added to a vial and was allowed
to equilibrate with the temperature for at least 20min. Electrolyte
viscosities were measured using an DHR 20 rheometer (TA Instru-
ments) with a sheer rate of 300/s at 25 °C. DSC analysis was carried out
using a differential scanning calorimeter (DSC250). Before analysis,
8μL electrolyte in a sealed aluminum oxide pan was heated from 25 to
80 °Cwith a rate of 10 °Cmin−1 under N2 to erase the thermal history of
the samples. While measuring the heat flow, the temperature was
decreased to −60 °C and then increased to 80 °C with a rate of
10 °C min−1.

Ab initio molecular dynamics simulations
All the AIMD simulations were performed within the framework of
density functional theory (DFT) using the projector-augmented-wave
formalism in the Vienna Ab initio Simulation Package (VASP)62,63. The
generalized gradient Perdew–Burke–Ernzerh of functional was adop-
ted in the density functional theory calculations and the core electrons
were described using the projector augmented wave method64,65. The
plane-wave-energy cutoff was set at 450 eV and the K mesh was sam-
pled at the Γpoint only. According to thedensity of themix electrolyte,
we built a cell with 13.3 × 13.3 × 13.3 Å3 containing 10MDCA, 4 AlCl3 and
1NaFSI. Long-range van derWaals dispersion interactionswere treated
using the DFT-D2 method66. Each electrolyte system was equilibrated
at 30 °C in the canonical ensemble (NVT) for 20 ps, wherein constant
temperature conditions were maintained by is of a Nose–Hoover
thermostat. A timestep of 0.5 fs was used to integrate the equations of
motion.

Charge transfer calculations
Density functional theory (DFT) calculationswereperformedusing the
Gaussian 16 programpackage67. The ground state geometries of all the
studied molecules were optimized and calculated using the B3LYP-
D3(BJ)/6-311 G (d, p) level of theory68–71. Vibrational frequency analysis

was performed at the same level of theory to confirm their positions at
the minimum of the potential energy surface. In all cases, we obtained
zero imaginary frequencies. To enhance the accuracy of the single-
point energy, the stable conformations derived earlierwereused as the
initial structures for single-point calculations at the M06-2X/cc-pVTZ
level72,73. Besides, the solvation effect was described with the implicit
solvation model (Solvation Model Based on Density, SMD)74, and the
relevant parameters were listed in Supplementary Table 4. Based on
these results, the electrostatic potential (ESP) of the solvents were
analyzed using Multiwfn75 and Visual Molecular Dynamics76,77. In
addition, the charge transfer (ΔN) descriptor is attributed to the frac-
tional number of electrons transferred between themolecules A and B
and was defined as Eq. 5 61:

ΔN=
μB � μA

2ðηA +ηBÞ
ð5Þ

Where μA, μB and ηA, ηB are chemical potential and chemical hardness
of A and B, respectively. The direction of charge/electron transfer is
determined by the sign of ΔN, which the negative sign refers to the
direction from A to B and a positive sign indicates the reverse direc-
tion. The chemical potential and chemical hardness can be expressed
as Eqs. 6 and 7:

μ=
�ðI +AÞ

2
ð6Þ

η= I � A ð7Þ

Where I is the ionization energy and A is the electron affinity of the
system. InΔSCFmethod, the ionization energy (I) and electron affinity
(A) of the system can be calculated as Eqs. 8 and 9:

I = EðN�1Þ � EN ð8Þ

A= EN � EðN + 1Þ ð9Þ

Where, EN , EðN + 1Þ, EðN�1Þ represents the energy of neutral, anion, and
cation systems, respectively.

NMR simulations
To calculate the 27Al spectrum of HCCl2COAlCl2, we first examined the
thermodynamic stability of possible species in our electrolyte. As a
preliminary test, we calculated the equilibria for 2HCCl2COAlCl2"
[HCCl2COAlCl2]2 using the same theoretical methods applied pre-
viously.

2HCCl2COAlCl2 ! ½HCCl2COAlCl2�2 ΔGliq = � 103 kJmol�1

Consistent with observations for AlCl3, our calculations indicated
that the dimeric form of HCCl2COAlCl2 was thermodynamically
favored in solution. The resonant species thatwasmost likely detected
by 27Al NMR spectroscopy was HCCl2COAlCl3

−, which was used to
calculate the chemical shift. The optimized structure was calculated at
the MP2/pcSseg-2 level78,79 using GIAO method80, with AlCl4

− as a
reference.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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