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ABSTRACT: We report a new type of rechargeable chloride ion battery
using vanadium oxychloride (VOCI) as cathode and magnesium or
magnesium/magnesium chloride (MgCl,/Mg) as anode, with an emphasis
on the VOCI-MgCl,/Mg full battery. The charge and discharge mechanism
of the VOCI cathode has been investigated by X-ray diffraction, X-ray
photoelectron spectroscopy, and electrochemical measurements, demon-
strating the chloride ion transfer during cycling. The VOCI cathode can
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1. INTRODUCTION

Secondary batteries based on a cation shuttle such as Li*, Na*,
Mg*, Zn*', and AI** have been demonstrated in recent
years.''* Although many achievements have been obtained for
consumer electronics, electric vehicles, transportation, and
military with these batteries, it remains a challenge to develop a
high energy density, safe, cheap, and environment-friendly
energy storage device. In this respect, an alternative
rechargeable battery based on an anion shuttle, such as fluoride
ion battery or chloride ion battery, could possibly meet such
requirements as several electrons can be transferred during the
electrochemical reaction, leading to a high theoretical energy
density.''~'* Moreover, using lithium-free anode materials
including magnesium, calcium, and others could provide an
alternative way to develop a low cost and safe rechargeable
device for electrochemical energy storage.

The chloride ion battery is a rechargeable battery based on
chloride ion transfer. It uses a liquid electrolyte at room
temperature and offers a broad variety of high potential
electrochemical couples and high theoretical volumetric energy
density.">'* The overall cathodic and anodic electrochemical
reactions are as follows

at cathode: MClx + xe~ & M + xCI™

atanode: M’ + xCl” < M'Clx + xe™
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! at a current density of 10 mA
g " and a capacity of 60 mAh g~ was retained after 53 cycles in this first
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MClx can be a transition metal chloride (e.g,, BiCl;, CuCl,,
VCl,, or FeCly) or a transition metal oxychloride (e.g., FeOCl
or BiOCl), M’ is a metal anode (e.g, Li, Na, Mg, Ca, or Ce).
The first concept of chloride ion battery was demonstrated by
using an ionic liquid electrolyte (IL), a lithium foil anode, and
CoCl,, VCl;, or BiCl; as cathode. These cathodes showed
initial reversible discharge capacities of 105, 111, and 176 mAh
g, respectively.”> In this battery system, a challenge is to
suppress the dissolution of the involved metal chlorides in the
liquid electrolyte. Metal oxychloride compounds such as FeOCl
and BiOCIl have been proposed as potential cathode materials
due to their higher stability in ILs and better cycling behavior."*

Herein, we report a new rechargeable chloride ion battery
using vanadium oxychloride (VOCI) as cathode and a lithium-
free anode composed of a MgCl,/Mg composite. In this
battery, the VOCI electrode is stable in the liquid electrolyte
and could be oxidized to vanadium oxydichloride (VOCL,)
during charging, which has a high theoretical capacity of 388
mAh g_1 based on the reaction of VO/VOCI,. Moreover, a
large Gibbs free energy generated between VOCI, and Mg
would yield a high electromotive force (EMF) of 1.86 V.
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Figure 1. (a) SEM image of the as-prepared VOCI and (b) corresponding EDX spectrum from the marked area in a. (c) SEM image of the as-
prepared VOCI/C and (d) corresponding elemental mapping of carbon, vanadium, oxygen, and chlorine.

Furthermore, magnesium has a theoretical specific volumetric
capacity of 3833 mAh cm ™, which is much higher than 2046
mAh cm™ of lithium.

2. EXPERIMENTAL SECTION

VOCI was prepared by a solid—gas reaction.'> A mixture of V,0;
(98%, Sigma-Aldrich) and VCl; (97%, Sigma-Aldrich) with a molar
ratio of 1:1.8 was loaded in an evacuated and sealed quartz tube, and
then it is kept at a temperature of 893 K for 120 h with a heating rate
of 1 K min~". The obtained brown VOCI material was washed with
dimethylformamide, ethanol, and petroleum ether to remove residual
VCl;. The VOCI/C cathode material was prepared by ball milling a
mixture of 80 mass % VOCI and 20 mass % carbon black (Sigma-
Aldrich) using a silicon nitride vial and balls for 1 h at a speed of 200
rpm under an argon atmosphere. The MgCl,/Mg/C composite
material was prepared by ball-milling anhydrous MgCl, (98%, Sigma-
Aldrich, 50 mass %), Mg powder (99.8%, Alfar Aesar, 40 mass %), and
carbon black (10 mass %) using a tungsten carbide vial and tungsten
carbide balls for 10 h at 300 rpm. A similar procedure was applied for
preparing the Mg/C composite material with 20 mass % carbon black.
Anhydrous ionic liquids of 1-butyl-1-methylpiperidinium bis-
(trifluoromethylsulfonyl)imide (PP, TFSI, 99%, IoLiTech) and 1-
butyl-1-methylpiperidinium chloride (PP,Cl, 99%, IoLiTech) were
dried at 358 K for 72 h under a vacuum.

The cathode electrodes were prepared by grinding a mixture of
active material (VOCI/C, 80 mass %), poly(vinylidene difluoride)
binder (PVDF, 10 mass %) and carbon black (10 mass %) with N-
methylpyrrolidone (NMP) as solvent for 30 min in a mortar. The
obtained slurry was then spread on a stainless steel foil with 12 mm in
diameter and dried overnight at 353 K under a vacuum. The mass
loading of the cathode electrode was 1.0—1.5 mg per piece. The anode
electrode was prepared by pressing the composite into a pellet with 20
mg in mass and 11 mm in diameter.

Electrochemical tests were conducted using Swagelok-type cells.
The cells were assembled in an argon-filled glovebox by using VOCI/C
as cathode, glass fiber filter (GF/D, Whatman) as separator, and
MgCl,/Mg/C or Mg/C as anode. A mixture of 0.5 M PP,Cl in
PP, TESI was used as electrolyte. Charge and discharge measurements
were performed in a voltage window of 2.5—0.6 or 2.2—0.6 V at a

current density of 5 or 10 mA g~', using an Arbin BT2000 battery
system at 298 K. The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) data were collected using a Biologic
VMP-3 electrochemical workstation. The sweep rate of CV was 0.05
mV s7! in the potential range of 2.5—0.6 V. The frequency range of
EIS was from 200 kHz to 100 mHz with an ac amplitude of 10 mV.

Powder X-ray diffraction patterns were obtained on a Philips
X’PERT diffractometer equipped with Cu Ko radiation source
(operated at 40 kV, 40 mA). Scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscopy (EDX) were carried out
using a ZEISS LEO 1530 instrument. X-ray photoelectron spectros-
copy (XPS) data was recorded on a physical electronics PHI 5800
ESCA system using monochromatized Al Ka radiation (13 kV, 250
W) and a pass energy of 29.35 eV for the detail scan in the V (2p)
binding energy (BE) region. For BE calibration, the main C,, peak was
set to 284.8 eV.

3. RESULTS AND DISCUSSION

Powder X-ray diffraction (XRD) patterns of as-prepared VOCI
and VOCI/C materials are shown in Figure S1 (Supporting
Information). All reflections can be indexed and assigned to the
orthorhombic VOCI phase with the space group of Pmmn
(PDF card no. 01-085-0353) except for few impurities in the
ball milled VOCI/C composite.'® The morphology and size of
the as-prepared VOCI and VOCI/C materials are shown in
Figure 1 and Figure S2. The as-prepared VOCI material
consists of rodlike particles with a size of around 100—500 nm
in width and about 2 ym in length (Figure la and Figure S2a
and b). The EDX spectrum in Figure 1b shows that the atomic
ratio of vanadium, oxygen, and chlorine in the as-prepared
VOCI material is close to the theoretical value of 1:1:1. The
EDX elemental mapping of the as-prepared VOCI indicates a
uniform elemental distribution, as shown in Figure S3. Particles
with a diameter of 100—500 nm were obtained after ball milling
of the VOCI/C composite (Figure 1c and Figure S2c and d).
The EDX elemental mapping of vanadium, oxygen, chlorine,
and carbon in the VOCI/C composite also demonstrates a
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Figure 2. (a) Initial charge and discharge profiles of VOCI-MMC, (b) powder XRD patterns, and (c) Vyp3/2 XPS spectra of the VOCI/C electrode at

different states.

uniform elemental distribution, as shown in Figure 1d. The
well-distributed carbon black is necessary for the electrical
transport in the VOCI/C composite.

In order to understand the electrochemical reactions of the
electrodes, the batteries were disassembled at various charge
and discharge states and the cathodes were analyzed by ex-situ
XRD and XPS, as shown in Figure 2. The chloride ion battery
using VOCI/C as cathode and MgCl,/Mg/C as anode is
denoted as VOCI-MMC. Figure 2a exhibits the initial charge
and discharge curves of VOCI-MMC within a potential window
of 2.5—0.6 V at a current density of S mA g~'. Two plateaus at
1.9 and 1.3 V were observed in the first discharge process.

Ex-situ XRD in Figure 2b shows the phase composition of
the VOCI/C cathode at different states during the first cycle
and after 10 cycles. For the as-prepared VOCI/C material, main
reflections can be indexed and assigned to the orthorhombic
VOCI phase. A small amount of V,0; was observed, however
(Figure 2b line ¢1). This may be caused by partial
decomposition of VOCI during ball milling. When the
VOCI/C electrode was charged to 2.5 V (Figure 2b line ¢2),
the peak intensity of the VOCI phase decreased drastically.
Nevertheless, the VOCI, phase, which is supposed to be formed
by electrochemical oxidation of VOCI, was not detected which
could be due to the formation of nanosized and/or amorphous
phase. Upon discharging the electrode to 0.6 V at the first cycle
(Figure 2b line ¢3), the diffraction peaks related to VO phase
(PDF card no. 00-038-0974), V,0; phase (PDF card no. 34-
0187), and the VOCI phase were observed. One diffraction
peak at 13.5° was not identified. The formation of VO phase
demonstrates that the V** is reduced to V** and chloride ions
dissociate from the VOCI during discharge. For the VOCI/C
electrode at the discharged state after 10 cycles, the dominant
phase of V,0; with contributions of VOCI was detected,
whereas VO was not detected.

It should be mentioned that the conclusions in this paper
could not be drawn on the basis of XRD data alone, as there
were sometimes difficulties in detecting phases, possibly due to
their nanoscale size or for reasons which are described below.
Hence, additional methods such as XPS were applied, in
particular to detect oxidation states of the vanadium in the
different stages of charge and discharge.

Conversion reactions may refine the particles and lead to the
formation of large fresh and active surfaces, an effect which has
been observed for a number of conversion materials. Then the
VO with higher activity was formed after 10 cycles. However,
VO of the discharged product was gradually oxidized to V,0;
during a long time (about S h) XRD measurement, although a
protected XRD holder assembled in the glovebox was used. A
diffraction peak was detected at 28.4° in the 10th discharge
state and its intensity increased as compared to that of the
electrodes (see lines ¢2 and 3 in Figure 2b) during the first
cycle. This may be related to the formation of VO, phase (PDF
no. 43-1051, Figure S4), which was formed by the oxidation of
vanadium oxide with lower vanadium valence during XRD
measurement.

XPS measurements were carried out to get a further insight
on the oxidation state of vanadium during cycling. The XPS
survey spectra and the V3, core level spectra of the VOCI/C
electrode in the as-prepared, charged to 2.5 V and discharged to
0.6 V states are shown in Figure S5 and Figure 2 c, respectively.
The binding energy of V3, corresponding to the as-prepared
VOCI/C electrode was located at 515.7 eV, which is consistent
with V** oxidation state.'””'® When the VOCL/C electrode was
charged to 2.5 V, V,,3,, peaks at 515.7 and 517.6 eV were
observed, which can be assigned to the vanadium oxidation
states of V3* (VOCI) and V** (VOCL,), respectively.'® It was
found that the intensity of the peak at 517.6 eV corresponding
to V** species was lower than that of the main peak at 515.7 eV.
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This low intensity peak could be due to the partial
electrochemical oxidation of VOCI to VOCI, in the first charge
process. For the discharged electrode, the V, 3/, peak located at
512.7 eV was related to the VO phase'” and the peak at 515.8
eV was assigned to the V** species, which can be attributed to
the unreacted VOCI in the discharge process. This is consistent
with and complements the XRD result in Figure 2b.

Figure 3 shows the cyclic voltammetry (CV) curves of the
VOCI-MMC electrode system in the potential window of 2.5—
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Figure 3. CV curves of the VOCI-MMC electrode system between 2.5
and 0.6 V at a scanning rate of 0.05 mV s™".

0.6 V at the initial five cycles. In the CV measurement, the
potential was initially swept from the open circuit voltage
(OCV = 1.65 V) to 2.5 V. A broad anodic peak located at 2.4 V
was observed in the first scanning from OCV to 2.5 V, which
can be assigned to the reaction of VOCI + CI” — VOCI, + e™.
Two cathodic peaks appeared in the first cycle at 2.01 and 1.25

V, which could be attributed to the two-step reduction
reactions of VOCl, + e~ — VOCI + CI~ (EMF = 2.24 V)
and VOCI + e~ = VO + CI” (EMF = 1.49 V), respectively. In
the second scan, the anodic peak shifted to a lower potential
(~2.35 V) and its intensity decreased. Meanwhile, the intensity
of the cathodic peak at around 1.9 V increased upon cycling.
This is consistent with the increase of the discharge capacity in
the initial cycles, as shown in Figure 4d. A pair of cathodic/
anodic peaks at 1.27 and 1.52 V corresponding to the reaction
of V**/V>* was more stable. As mentioned above, two distinct
redox couples of 2.35/1.88 and 1.52/1.27 V based on the
reactions of chloride ion transfer were observed for the VOCI-
MMC electrode system during cycling. The charge and
discharge reactions of the VOCI-MMC could be described as

First charge:

2VOCI + MgCl2 — 2VOCI, + Mg (1)
First discharge:

2VOCl, + Mg — 2VOCl + MgCl, E =224V (3

2VOCl + Mg — 2VO + MgCl, E =149V 3)

Figure 4a shows the first three charge/discharge curves of the
VOCI-Mg full battery using Mg/C as anode in the voltage
range of 0.6—2.2 V. The first discharge capacity was 40 mAh
g~', and a plateau at around 1.35 V was observed, which can be
ascribed to the reaction VOCI + e~ — VO + CI". Figure 4b
shows the first discharge curves of the batteries using VOCI/C
as cathode and two different anodes at S mA g_l. The charge
and discharge testing of VOCI-MMC was performed between
2.5 and 0.6 V. Two discharge plateaus at 1.95 and 1.3 V for
VOCI-MMC and one discharge plateau at 1.35 V for VOCI-Mg
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Figure 4. (a) Charge and discharge profiles of the VOCI-Mg full battery at 5 mA g™". (b) First discharge curves of the full battery using VOCI/C as
cathode and Mg/C or MgCl,/Mg/C as anode at 5 mA g_l. (c) Charge and discharge profiles of the VOCI-MMC full battery in the first three cycles
at 10 mA g~". (d) Cycling performance of the VOCI-MMC full battery in 53 cycles.
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were observed. The different discharge voltage profiles may be
attributed to the different electrochemical reaction processes. In
the VOCI-MMC battery, the VOCIl, was obtained after the
VOCI electrode was charged to 2.5 V. VOCI, can provide two
chloride ions during the subsequent discharge processes
whereas only one chloride ion can be shuttled in the VOCI-
Mg battery.

Figure 4c shows the first three cycles of the VOCI-MMC
battery at a current density of 10 mA g~". A first charge capacity
of 198 mAh g™' was obtained, and the corresponding discharge
capacity of the VOCI/C electrode was 66 mAh g~'. The
discharge profile exhibited two plateaus at 1.91 and 1.24 V,
which corresponded to the two reduction peaks in the CV
patterns (Figure 3). In the second and third cycle, the charge
capacity decreased gradually, while the discharge capacity
increased with a distinct and higher discharge plateau. This is
consistent with the evolution of redox peaks in the CV profiles
(Figure 3). The VOCI-MMC battery cycled at a current density
of S mA g~ showed a similar profile to that of the battery
cycled at 10 mA g™ (Figure S6).

Figure 4d shows the cycling performance of the VOCI-MMC
battery at a current density of 10 mA g~'. The VOCI/C
cathode exhibited an increase in the discharge capacity and also
the Coulombic efficiency during the initial several cycles,
indicating an activation process, which may be ascribed to the
improvement of the electrochemical kinetic performance. It is
known that conversion reaction can refine the particle size and
thus results in the formation of much more fresh surface for the
electrochemical reaction. A maximum discharge capacity of 101
mAh g™ was obtained at the ninth cycle. Then the cathode
retained a discharge capacity of 87 mAh g™ in 30 cycles.
Subsequently, the capacity decay occurred in the next 20 cycles
and the capacity retention was 59% after 53 cycles. In our
previous work on BiOCl-Mg and FeOCIl-Mg electrode systems,
the BiOCl and FeOCI cathodes dehvered the ﬁrst discharge
capacities of 102 and 130 mAh g™, respectively.”” More than
50% of the theoretical capacity was obtained for both BiOCI
and FeOCl cathodes, whereas the maximum discharge capacity
of the VOCI cathode was only about 26% of the theoretical
capacity. This may be caused by the loss of the electrical
contact between the active material and carbon because a large
volume change of 292% would occur from VOCI, to VO during
discharge. This value is much larger than that of BiOCl or
FeOCl. Similar phenomenon also exists at the anode side.
Another possible reason may be related to the sluggish
electrochemical kinetic performance of the VOCI-MMC battery
system. Electrochemical impedance spectroscopy (EIS) meas-
urement was performed for the VOCI-MMC full battery at
different charge and discharge states, as shown in Figure S7.
The Nyquist curves are composed of a quasi-semicircle at the
high frequency related to the charge transfer process and a
straight line at the low frequency correlated to the Warburg
impedance (W) by chloride ion diffusion. The simulated results
showed that the charge-transfer resistance of the discharged
VOCI-MMC was larger than the charged one and it increased
after three cycles in the discharged state. This may be related to
the sluggish electrochemical kinetics due to the volume change
in the cathode and anode. Obviously, only part of the electrode
materials were electrochemically active during cycling, leading
to a low discharge capacity. The increase of the chloride ion
diffusion in both the electrodes and the electrolyte is important
for enhancing the electrochemical properties of the VOCI-
MMC electrode system in future work.

Based on the electrochemical and structural information
above, a first description of the reversible electrochemical
reactions occurring in the VOCI-MMC battery during cycling
was possible which is shown as a sketch in Figure S. In the
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Figure S. Schematic illustration of the phase evolution for the VOCI-
MMC battery upon the charge and discharge reactions.

initial charge process, the chloride ions dissociate from the
MMC anode (MgCIZ + 2e” = Mg + 2Cl7) and migrate to the
VOCI cathode.?® There, an oxidation reaction occurs, resulting
in the formation of VOCI, phase (VOCI + CI~ — VOCI, + e7).
In the following discharge, both VOCI, and the residual VOCI
are partially reduced to VO and the chloride ions move back to
the anode.

4. CONCLUSION

In summary, we have presented a first room temperature
rechargeable chloride ion battery using VOCI/C as cathode and
MgCl,/Mg/C composite as anode in an ionic liquid electrolyte.
The charge and discharge mechanism was characterized by
XRD, XPS, and electrochemical measurements. The results
revealed that the VOCI/C cathode can be charged and
discharged with Mg/C or MgCl,/Mg/C composite as anode.
The formation of VOCI, and VO phases during cycling in the
VOCI-MMC battery demonstrated that the chloride ion can be
shuttled between cathode and anode. This particular setup
delivered a discharge capacity of 101 mAh g~' after an
activation process in initial cycles and retained 60 mAh g™ after
53 cycles in this first study.

B ASSOCIATED CONTENT

© Supporting Information

X-ray diffraction, EIS, XPS survey spectra, morphology of the
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