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Abstract

Conventional cathodes generally store charges inside solids, and they usually suffer from
compromised performance at low temperatures due to the energy barriers for ion transport. Here
we report a reversible “plating” reaction of Clz liquid inside nanoporous carbon as a new electrode
for low-temperature aqueous batteries. In a 7 m LiCl aqueous electrolyte, the activated carbon
electrode delivers a high discharge capacity of 475 mAh/g (based on the carbon active mass in the
working electrode) at 100 mA/g at —78 °C with a discharging plateau at ca. 0.95 V vs. Ag/AgCl,
and retains a high capacity of 238 mAh/g at a high current rate of 1 A/g. Furthermore, this electrode
system demonstrates stable cycling with ca. 65% capacity retention after 100 cycles at 500 mA/g
with an average Coulombic efficiency above 99%. The results provide a new option for high-

energy halogen cathodes at low temperatures.
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Introduction

Rechargeable batteries usually suffer poor performance at low temperatures with low energy
density, large polarization, rapid capacity fading, and poor rate capability.! However, a tremendous
demand exists for high-performing batteries under extremely cold conditions for applications in
polar regions and outer space.'- To date, efforts have been overwhelmingly devoted to designing
new electrolyte compositions by employing solvents of low freezing points and low polarity*® and
additives that induce the formation of solid electrolyte interphase (SEI) / cathode electrolyte
interphase (CEI).”? Yet, it is well known that low temperatures impose significant difficulty for
the transport of ion charge carriers in electrolytes and in solid lattices of electrode materials.>”
Regarding the cathodes, most attention has been paid to conventional materials operating on the

insertion mechanism such as LiFePO4'?, Li(NixMnyCo,)O2'!, and V205.!21%13 To improve the



redox kinetics of these solid-state electrode materials, the community has employed strategies such
as particle-size reduction, surface coating, and design of 3D-porous structures. Recently, it has
been found that the proton storage can exhibit excellent performance at extremely low
temperatures due to its small size and the unique Grotthuss conduction mechanism.!*!*> Despite
the progress, limited capacity remains the bottleneck for electrodes that operate on solid-state
redox reactions. Therefore, it is necessary to explore new redox chemistry to meet the demand for

low-temperature batteries.

Herein, we report the reversible plating/stripping of Cl2 molecules inside an activated carbon (AC)
host at a low temperature of —78 °C. Plating usually refers to the deposition of metals by reducing
solvated metal cations, and it is rarely used for the formation of elemental nonmetals by oxidizing
their anions. However, the latter conversion bears the same characteristics of one family of
electrochemical reactions—the conversion of ions to their corresponding elemental phase.
Therefore, plating is used here to refer to the formation of liquid Cl2 by oxidizing Cl~ ions. This
reaction delivers a high capacity of 475 mAh/g at the rate of 100 mA/g, retains a capacity of 238
mAh/g at a high rate of 1 A/g, and demonstrates relatively stable cycling with ca. 65% capacity
retention after 100 cycles at 500 mA/g with an average Coulombic efficiency (CE) above 99%.
We found that the Cl2/CI redox can be kinetically controlled, where we studied the related control

factors.

The studies of Clo/CI™ batteries can be dated back to the 19" century.!® However, batteries using
this redox couple generally suffer from low reversibility due to the Clz2 gas evolution and the
disproportionation reaction in electrolytes.!”'® Recently, significant progress has been made by
Hou et al.'® and Zhu et al.?* in realizing the highly reversible Cl2/CI™ reactions in non-aqueous

electrolytes through strategies, including using a non-reactive solvent of carbon tetrachloride,



solid-salt additives, i.e., NaCl and LiCl in cathodes, and highly porous graphite host. Note that Clz
has a boiling temperature of —34 °C at the atmospheric pressure, below which liquid Cl2 can serve
as an active mass for high-capacity energy storage at low temperatures. However, the
electrochemical properties of the Clo/Cl™ plating/stripping reaction at low temperatures have
remained underexplored. Herein, we employed 7 m aqueous LiCl that remains liquid at —78 °C as
the electrolyte (Figure S1), which allows the investigation of the reversibility of the Clo/Cl™ redox
couple at low temperatures. Considering that Clz is liquid, it cannot serve as a self-standing

electrode; thus, we selected AC as the host to plate Clz inside.

Results and Discussions
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Figure 1. a) GCD profiles of the AC electrode in 7 m LiCl at —78 °C at the current rate of 100
mA/g. b) GCD profiles of the AC electrode in various electrolytes at —35 °C at the rate of 200
mA/g with the same cut-off specific charge capacity of 480 mAh/g. ¢) GCD profiles of the AC

electrode at various temperatures at the rate of 200 mA/g with the same cut-off specific charge



capacity of 480 mAh/g. d) GCD profiles of the AC electrode in 2 m LiCl DMF electrolyte at —

35 °C at the rate of 200 mA/g with the cut-off specific charge capacity of 480 mAh/g.

As shown in Figure 1a, the first cycle of the galvanostatic charge-discharge (GCD) test at —78 °C
features a discharging capacity of 475 mAh/g and an areal capacity of 1.2 mAh/cm? at a rate of
100 mA/g and the discharging plateau at ca. 0.95 V (vs. Ag/AgCl, hereafter). If the mass of both
AC and the engaged LiCl in the electrolyte is considered according to the AC/LiCl stoichiometry
corresponding to the capacity, the capacity of the electrode is still at 190 mAh/g. The first cycle
exhibits a CE of 86% and a potential hysteresis of 0.4 V, suggesting the excellent reversibility and
kinetics of the Clz plating/stripping reaction inside the AC electrode. The half-cell tests were
conducted in a three-electrode configuration with the AC free-standing film as a counter electrode,
which serves as a sink for counter ions, and Ag/AgCl (1 m HCI) as the reference electrode (Figures

S2 and S3a).

What causes the large capacity in the anodic reaction? We tested the AC electrode in two chloride-
free control electrolytes at —35 °C, including 5.2 m lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)?! and 3 m Zn(ClOa4)2%? aqueous electrolytes, and one non-aqueous 2 m LiCl in dimethyl
formamide (DMF). As shown in Figure 1b, neither of the two control aqueous electrolytes
presents the plateau behavior as the 7 m LiCl electrolyte does. The results preclude the involvement
of water’s anodic reaction, i.e., a reversible oxygen evolution reaction and the corrosive Faradaic
behavior of the AC electrode as primary capacity sources at low temperatures.?® Therefore, the
reversible capacity featured with one plateau in the GCD profiles originates from the Cl2/Cl™ redox
taking place in the AC electrode. In contrast, a well-defined plateau is observed in both 7 m LiCl
aqueous electrolyte and 2 m LiCl DMF electrolyte at —35 °C (Figure 1c, d). In addition, linear

sweep voltammetry (LSV) is carried out at various temperatures for the 7 m LiCl electrolyte with



a glassy carbon working electrode (Figure S3b). The electrolyte oxidation occurs at 1.35 V, 1.16
V,and 1.1 V (vs the Ag/AgCl (1 m HCI) reference electrode, and hereafter) vs at —78 °C, —35 °C,

and RT, respectively, which corroborate the plateau potentials in the GCD tests.
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Figure 2. a) GCD profiles of the AC electrode at various rates at —78 °C. b) Cycling performance
and CE of AC electrodes at —78 °C at 500 mA/g with the first 3 cycles at 100 mA/g. ¢) GCD
profiles of AC and the CFP electrodes at 40 mA/g and 5 mA/g at —78 °C, respectively. d)
Quantitative values of the capacity contribution from active material-AC and conductive additive-

KB in electrodes at various rates.

In addition, the Clo/CI” redox reaction over the AC electrode presents excellent rate performance.
It delivers high discharging capacities of 474 mAh/g, 474 mAh/g, 435 mAh/g, 318 mAh/g, and
239 mAh/g at current rates of 40 mA/g, 100 mA/g, 200 mA/g, 500 mA/g, and 1A/g, respectively

(Figure 2a). GCD tests at increased rates demonstrated enhanced CE values from 67% to 86%,



90%, 95%, and 98%, respectively. The AC electrode also shows good cycling stability. When
cycling at 500 mA/g, it exhibits 65% capacity retention after 100 cycles with a high average CE

of 99% (Figure 2b).

Our next question is where the as-formed Cl2 liquid gets stored. To analyze the capacity
contribution from other components besides AC in the electrode, we tested carbon fiber paper
(CFP) alone as the electrode and the electrode with KatjenBlack (KB), a conducting carbon
additive, bound by polyvinylidene fluoride (PVdF) and coated on CFP in the 7 m LiCl electrolyte
at—78 °C. The testing current rates for these cells are calibrated to be the same as the AC electrode
(see SI for details). As shown in Figure 2¢, the GCD profiles of CFP feature a charging potential
at 1.6 V much higher than that of the AC electrodes at 1.3 V; thus, the CFP current collector does
not contribute any capacity to the AC electrodes in the testing potential range in Figure 1a. In
comparison, KB delivers some capacity of 56 mAh/g and 50 mAh/g, at low cycling rates, i.e., 40
mA/g and 100 mA/g, but offers insignificant capacity at higher rates due to the reaction
overpotential (Figure 2d, S4). Therefore, the above results indicate that most plated Clz is stored
in the AC and most probably in the nanopores because of the capillary effect. On the other hand,
the inclusion of KB as an additive is conducive to the redox kinetics of the AC electrodes by
improving the electrical conductivity of the electrode. As shown in Figure S5, EIS results
demonstrate that the presence of KB effectively reduces the Ohmic (Rq) and charge transfer (Ret)

resistance from 21 Q and 76 Q to 9 Q and 56 Q, respectively.

A further question is what electrode properties influence the cycling performance. We collected
the GCD results on the AC, graphite, and CFP electrodes at the same rate of 100 mA/g at —78 °C
(Figure 3a). AC electrodes deliver the highest specific capacity, as well as the lowest reaction

polarization, while the CFP electrodes deliver the lowest specific capacity and the largest reaction



polarization. Although many variants exist in the control experiments, the performance differences

between the carbon materials shed light on the property-performance correlations.

Scanning electron microscopy (SEM) images show AC and graphite exhibit average particle sizes
of 6 um and 12 pm, respectively, while the CFP is composed of interconnected carbon fibers with
a diameter of ca. 8§ um (Figure S6). Brunauer—Emmett—Teller (BET) results of the N2 sorption
tests demonstrate that AC exhibits an average pore size of 2.75 nm, a specific pore volume of 1.3
cm’/g, and a high specific surface area of 2440 m?/g, far exceeding that of 30 m?/g for graphite
particles and 15 m?%/g for CFP (Figure S7). Therefore, the amount of stored Cl2 depends on the
porosity of the electrode materials. Furthermore, a rough calculation is conducted to convert the
specific capacity of each carbon material to the amount of Cl2 molecules on the hosts (see SI for
details), and the results suggest a multi-layer adsorption mechanism for the storage of liquid Clz

molecules over the carbon hosts (Figure S8, and Table S1).

Besides being the host for the liquid Clz, the carbon materials serve as the catalysts towards the
CL/CI” redox reaction. The substantial difference in the Clo/CI” redox potentials on different
carbon materials indicates their disparate capability of catalyzing the chlorine evolution reaction
(CER). As for the structure, AC only exhibits a broad bump at around 20° in its X-ray diffraction
(XRD) pattern (Figure S9), indicating its non-graphitic structure, while both CFP and graphite
present sharp peaks at 26° and 55°, suggesting their highly crystalline graphitic structure. In Raman
spectra (Figure S10), AC exhibits a high D/G band ratio of 1.02, whereas graphite and CFP
demonstrate low D/G band ratios of 0.21 and 0.22, respectively. The results substantiate the fact
that AC contains rich structural defects while graphite and CFP are primarily composed of
graphitic carbon. X-ray photon spectroscopy (XPS) characterizes the elemental composition and

the surface chemical bonding of the carbon materials. Specifically, a higher ratio of oxygen is



found in AC (Figure S11). As shown in Figure 3b and 3¢, both the high-resolution C 1s and O 1s
spectra suggest the existence of C-O, C=0, and -COOH groups on the AC surface. The Fourier
transform infrared spectroscopy (FTIR) spectra display the O-H?* C-0?>?6, C=0?"%, and -
COOH?® groups at 3784 cm™', 1006/2098 cm™', 1195/ 1720/2332 cm™, and 1553 cm™,
respectively (Figure 3d). In contrast, the surfaces of graphite and GFP are free of functional groups

with no peaks observed in their FTIR spectra.

Density functional theory (DFT) calculations were conducted to evaluate the energy barriers for
CER on different typical environments: the defect-free basal graphene plane as a model for
graphite and defective graphene edge with functional groups as a model for AC (Figure 3e and
Figure S12). At the equilibrium potential of 1.36 V vs. Standard Hydrogen Electrode (SHE), the
graphene surface exhibits a CI* radical adsorption energy (AGc;.) of 0.54 eV. In contrast, the
graphene edges with -COOH and -OH species exhibit more favorable Cl adsorption of 0.39 eV
and 0.37 eV, respectively, suggesting an eased CER. Interestingly, the graphene edge with the -
C=0 species shows the lowest AG;. of —0.75 eV, indicating strong adsorption of CI* radical and
the facilitated CER. In addition, the oxygen-containing moieties withdraw electrons from adjacent
carbon atoms, thus making the carbon atoms positively charged as preferable sites for CI

adsorption (Figure 3f-i).

Another factor contributing to the reaction polarization is the surface hydrophilicity of the
electrodes. As shown in Figure S13, the AC electrode is highly wettable by 7 m LiCl with the
lowest contact angle of 60° due to the rich hydrophilic groups on the surface. The graphite
electrode exhibits a lower contact angle of 97° than the CFP electrode of 120°. The hydrophilic
feature of the AC electrode is conducive to the rapid transport of the Cl™ anions, thus reducing the

polarization of the reaction.
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Figure 3. a) GCD profiles of various carbon electrodes at 100 mA/g at —78 °C. High-resolution
XPS spectra of b) C 1s and ¢) O 1s. d) FTIR spectra of various carbon materials. e) DFT calculated
energy diagrams of C1* adsorption over various sites. The charge density difference analysis of f)
graphite, g) AC-COOH, h) AC-OH, and i) AC-C=0 adsorbed with one CI". Yellow indicates
electron accumulation and blue indicates electron depletion. Brown, green, red, and white balls are

carbon, chlorine, oxygen, and hydrogen atoms, respectively.

We deem the low-temperature conditions render the plating of Clz reversibly in the AC electrode
via two factors. Firstly, at working temperatures, i.e., —35 °C and —78 °C, the Cl2 molecules are in
the liquid state, which mitigates the Clz gas evolution that causes the loss of active mass. As shown
in Figure S14, Cl2 gas bubbles appear at room temperature over the AC electrode during the

charging process, which could not be observed at —35 °C. Therefore, the liquid phase of Clz is the
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premise of the reversible Cl2/Cl™ redox at low temperatures. Secondly, Cl2 reacts with water of the

electrolyte via a disproportionation reaction, as shown by Equation 1:

Cl, + H,0 - HCIO + HCl Equation 1

We postulate that the lower temperatures suppress this side reaction by slowing down the reaction
kinetics according to the Arrhenius relationship, thus enhancing the CE values.
As a control experiment, we ran the same GCD tests on AC in a 7.5 m LiBr aqueous electrolyte at
room temperature, where Br is also liquid due to its high boiling point of 58.8 °C (Figure 4a).
Despite Br2 exhibits lower reactivity with water than that of Cl» because of the lower
electronegativity, it presents a lower CE value than that of Clz at —35 °C. The result supports that

the suppressed side reaction at low temperatures betters reaction reversibility.

The loss of CE is still closely correlated to the irreversible disproportionation of Clz in electrolytes.
For example, the CEs significantly increase with higher cycling rates (Figure 2a) and reducing
the charging specific capacity from 540 mAh/g to 450 mAh/g and 360 mAh/g is effective in
enhancing CE values from 86% to 90% and 93% (Figure 4b). In both cases, CEs are improved by
shortening the duration when the plated Cl2 contacts the aqueous electrolyte (Figure S15).
However, such self-discharge can be self-terminated. After 12-hour of idling at —78 °C, the AC
electrode still preserves a discharging capacity of 363 mAh/g, corresponding to a CE of 72.6%,
slightly lower than 87.6% for the non-idling electrode (Figure 4c¢). Interestingly, the open circuit
potential of the charged AC electrode only drops in the first 1 hour of idling and then keeps
constant at ca. 1.1 V, suggesting the existence of a limit for the self-discharging reaction, in other
words, the saturation of Cl2 and HCIO in electrolytes (Figure S16). The fact may account for the

enhanced CE throughout the cycling stability test (Figure 2b). Furthermore, in practical cells

11



where a relatively much smaller volume of the electrolyte is employed, the impact of Clz

disproportionation would be smaller.

In addition, we postulate that the capacity fading in the stability test relates to the Ch
disproportionation reaction (Figure 2b). We first compare the GCD profiles of the AC electrodes
at the 10" cycle and 50" cycle, where the latter cycle demonstrated an increased charging (CER)

overpotential (Figure S17). A higher overpotential reduces the capacity.

As for what causes overpotentials, one hypothesis is that the AC electrode is oxidized by the Cl2
or HC1O during the charging process, which was negated by one control experiment.?® We charged
the AC electrode at 200 mA/g for 12 hours in a 7 m LiCl aqueous electrolyte at room temperature
(Figure S18) before testing this pre-charged electrode again in a pristine 7 m LiCl aqueous
electrolyte at —78 °C. The similar GCD profiles between the pristine and the pre-charged electrodes

suggest the strong endurance of AC towards the corrosion by Cl2 or HCIO (Figure 4d).

On the other hand, the proton generated from the disproportionation reaction of Cl may affect the
AC electrode’s performance, particularly the overpotential. In another control experiment, we
added 0.1 m HCIl to 7 m LiCl as the electrolyte, in which the AC electrode exhibits a higher
charging overpotential at —78 °C (Figure 4d). Evidently, the protons in the electrolyte negatively
affect the performance of the AC electrode. Since the disproportionation reaction of Cl2 in water
is spontaneous, the concentration of protons in the electrolyte continuously increases during the
cycling process. The question is how protons increase the overpotentials. We attribute this
phenomenon to the fact that the functional groups on AC can be protonated in an acidic
environment, which eliminates the binding sites, thus, mitigating the catalytic performance

(Figure S19).30-32
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As demonstrated in this study, low temperatures may not impose a challenge but provides an
excellent opportunity to enable redox-active mass that is gaseous at room temperature. The unique
advantages of low temperature batteries are that many gases can be condensed into liquid at low
temperatures. Such gases may exhibit intermediate boiling temperatures such as the interhalogen
molecules. As for the Clz, the side reaction between Clz2 and water in aqueous electrolytes decreases
the CE of the cathode and generates protons to passivate the AC surface. One strategy to enhance
performance is to employ nonaqueous electrolytes. Furthermore, Cl2/CI™ cathode can pair with Li*
hosting anode because anion-hosting cathodes allow the usage of a dual-ion battery configuration.
The nonaqueous electrolytes with wide electrochemical stability windows allow more anodes with
low potentials to pair with Cl2/CI™ cathode, which opens a new route for designing high-energy

batteries at low temperatures.
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Figure 4. a) GCD profiles of the AC electrode in 7.5 m LiBr at room temperature at the rate of

200 mA/g with the cut-off specific charge capacity of 480 mAh/g. b) GCD profiles of AC electrode
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at various specific charging capacities at 100 mA/g. ¢) GCD profiles of AC electrode with (red)
and without (blue) 12-hour idling between the charging and discharging process at 100 mA/g with
the same charging capacity of 500 mAh/g. d) Charging profiles of the pristine AC electrode tested
in 7 m LiCl and 7 m LiCl + 0.1 m HCI aqueous electrolytes and RT cycled AC tested in 7 m LiCl
aqueous electrolyte at 100 mA/g at —78 °C with the same cut-off specific charge capacity of 550

mAh/g.

Conclusions

In summary, we investigated the reversible Cl2/Cl™ redox reaction by using an AC electrode and 7
m LiCl aqueous electrolyte at —78 °C. The electrode delivers a high discharging capacity of 475
mAh/g at discharging potential at ca. 0.95 V vs. Ag/AgCl at 100 mA/g as well as good rate
capability and stable cycling performance. The low-temperature conditions play a critical role in
stabilizing the charging product: Clo molecules in its liquid phase. Furthermore, the low
temperature suppresses the disproportionation reaction of Cl2 molecules in the aqueous electrolyte.
In addition, AC electrode serves both the catalyst for the reaction and the host for the Cl> molecules.
The work opens a new route for designing high-energy battery electrodes at extremely low

temperatures.
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