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Chloride-lon Batteries
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Musa Ali Cambaz, Zhen Meng, Thomas Diemant, and Maximilian Fichtner*

Rechargeable chloride-ion batteries (CIBs) are a new emerging battery technology
that can potentially provide high theoretical volumetric capacities at lower cost
and higher abundance. However, research on CIBs is in its early stages, and the
current challenge lies in finding suitable electrodes and electrolytes. Herein,
tungsten oxychloride is introduced for the first time as a cathode candidate for
use in CIB. WOCI, enables the reversible transfer of nearly one CI~ per formula
unit during electrochemical cycling, corresponding to an initial discharge capacity
of 120 mAh g . A reversible capacity of 90 mAh g~ (75%) is retained after 50
cycles. Postmortem analysis of cycled electrodes by X-ray diffraction, X-ray
photoelectron spectroscopy, and Raman spectroscopy reveals the reversible
chloride-ion transfer between the electrodes through a conversion mechanism.
This work paves the way for the use of tungsten chloride-based electrode

materials for battery applications.

1. Introduction

Lithium-ion batteries (LIB) have played a predominant role in the
portable electronics space for over two decades and recently they
have also seen growing demands to meet more challenging appli-
cations such as long-range electric vehicles, stationary, and
mobile applications.!"! However, due to the increasing depletion
of lithium resources around the world, it is essential to explore
other suitable electroactive species, which can be economically
extracted from cheap, naturally abundant raw materials to
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establish a sustainable and economically
viable value chain in the field of energy
storage.”) Recently, much emphasis has
been placed on chemistries operating on
the cationic shuttle of Na*, K", Mg**,
Ca’*, and Zn”*" ions and anionic shuttle
based on F~ and CI~ ion.I”! One promising
alternative to LIBs is rechargeable chloride-
ion batteries (CIBs)!* which offer high the-
oretical volumetric energy densities up to
2500 Wh L1, comparable with lithium—
sulfur batteries.”) Energy storage based
on chloride-ion transfer would be favorable
due to the lower cost and higher abundance
of chlorides as compared with lithium.!®
The first proof of concept of a CIB was
demonstrated by Zhao et al., with CoCl,,
VCl;, and BiCl; cathodes, which suffered
from rapid capacity fading during cycling
attributed to the high volume changes due to the underlying
conversion-based storage mechanism and solubility issues of
cathodes in the electrolyte.l”) Layered double hydroxides, which
are less prone to dissolve in the electrolyte, could demonstrate a
cyclability of CIBs beyond 1000 cycles.®! Recently, chloride-
ion-intercalated graphite was used as a cathode in combination
with aqueous electrolytes and demonstrated the feasibility of a
high cycle life with over 4000 cycles.!”) Furthermore, progress
has also been shown in the development of inorganic
chloride-ion-conducting solid electrolyte CsSnCl; with a large
electrochemical stability window of 6.1V and a room tempera-
ture conductivity of ~10™*S cm " .541%

In general, the field of CIB holds great promise for the explo-
ration of novel electrode materials. Mixed-anion transition
metal-based oxychloride materials are potential candidates for
electrodes, that can offer better structural stability and facilitate
solvent processing as compared with their chloride analogues.
The layered VOCI cathode investigated by Gao et al. demon-
strated stable cycling performance with a reversible capacity of
113 mAh g ! after 100 cycles.’® Other examples like FeOCI™
and BiOCIP® could be used as cathode material for CIBs and
exhibited moderate electrochemical performances. Both VOCI
and FeOCl have an orthorhombic structure, with a layered
arrangement of chloride and oxygen atoms, while Fe**/V*" is
incorporated at the center of the polyhedron. In contrast,
BiOCl has a tetragonal structure, where chloride ions lie between
the Bi and O bilayers. In this report, we evaluate the electrochem-
ical performance of tetragonal-structured tungsten oxytetrachlor-
ide (WOCl,) as an electrode material for CIBs (theoretical
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capacity of 313 mAh g™"). To the best of our knowledge, this is
the first report of WOC, as a cathode material for CIB. The
phase purity of WOCl, was demonstrated by a combination of
diffraction and spectroscopic techniques. Furthermore, the elec-
trochemical properties of the material have been investigated
using galvanostatic cycling, cyclic voltammetry (CV) ,and
electrochemical impedance spectroscopy (EIS), and structural/
morphological changes that occurred both on the cathode and
anode side during cycling were probed by exsitu XRD, XPS,
field-emission scanning electron microscopy (FESEM), and
Raman spectroscopy.

2. Results and Discussion

The structure of WOCI, was analyzed by Rietveld refinement!”
of X-ray powder diffraction data using the GSAS program.™*!
Figure 1a shows the Rietveld-refined diffraction pattern of the
pristine WOCI,. Braggs peaks indicate that WOCI, crystalizes
in the I4 space group with a tetragonal structure at room temper-
ature (ICSD collection code 25 519). The unit cell parameters are
a=84795A,b=8.4786 A, c=3.9940 A, and V=287.10 A’. The
crystal structure is shown in the inset of Figure 1a, mainly con-
sisting of the distorted octahedra of WO,Cl,, where two O (in
red) lie opposite of the square plane formed by four Cl (green)
atoms and a central W (purple). These octahedra are connected
by oxygen bridges and form linear chains along the c-axis.

www.entechnol.de

Alternating W—O bonds are asymmetric in length (3.2 A) and
followed by a bridging W—O bond with a length of 1.8 A, while
the CI—O bond length was 2.83 A." The distorted octahedra
result from the different sizes of CI~ and O*" ions as well as
the polarization effect of W*® ions. The X-ray diffraction
(XRD) pattern of the WOCL/C composite is shown in
Figure S1, Supporting Information, which has slight peak broad-
ening, indicative of particle size reduction due to ball milling.
The FESEM images of the as-received WOCl, show elongated
rod-shaped particles with lengths ranging from 100 to
1000 pm and width between 5 and 50 pm (Figure 1b). The
ball-milled WOCI,/C samples show the formation of the uniform
composite of WOC, and carbon, with significant reduction in
the size of WOCI, particles down to ~10 pm. The electrochemi-
cal behavior of WOCI, as an active material in the positive elec-
trode of CIB was studied in half cells with metallic lithium anode
and 3 M Pyr,Cl in PC:EC (1:1) as electrolyte. As pristine WOCl,
is electronically semiconducting in nature, the ball-milled
electrode composite provides electronic conductivity within the
carbon matrix. To overcome the issue of chloride-ion corrosion
of stainless steel above 2.5 V,!" Mo foil current collectors were
used at the cathode side. The open-circuit potential (OCV) of the
half cell was ~3.9 V and to understand the window of the redox
reactions involved, initially, CV was performed (Figure 2a). The
first cathodic sweep included a distinct reduction peak in the
region of 2.0-0.5V. In reverse sweep, the first oxidation peak
was observed at 3.0-3.9V. The peak positions shifted, and
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Figure 1. a) Rietveld-refined XRD pattern of WOClI,. Insets: structure of the tetragonal phase and schematic of WO,Cl, octahedra (W purple, O red, Cl
green). b) FESEM images of pristine WOCI, (left) and ball-milled WOCI,/carbon composite (right).
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Figure 2. Electrochemical performance of WOCI, electrodes: a) Cyclic voltammogram profiles of WOCl, electrode after first, second, and 30th cycles.
b) Voltage composition profile. ¢) Galvanostatic discharge—charge profile. d) Cycling performance of WOCl, at 0.5-3.9V at C/10 rate; inset: differential
capacity, dQ/dV plots of selected cycles at C/10 rate. Anode: Li metal, cathode: WOClI,, electrolyte: 3 M Pyry,Cl in PC:EC (1:1), separator: Glass fiber

membrane.

intensities gradually decreased in the later cycles. This hints atan
irreversible phase loss, in the initial cycles and formation of sec-
ondary/ or mixture of phases.

Figure 2b shows the voltage versus composition profile of
WOCl, electrode, during electrochemical cycling, in the voltage
range of 0.5-3.9V at a current density of 100 mA g~'. During
first discharge, a sloping voltage profile with a plateau-like behav-
ior around 1.7 V could be observed. The first discharge capacity
was 120mAh g~! (38% of theoretical capacity of 313 mAh g™ ")
and corresponds to a removal of =1.35 Cl~ ions per formula unit
(f-u.) based on electron counting. In the consecutive charge, 1.1
and 1.3 CI” ions per f.u. could be inserted back for 3.5 and 3.9V
versus Li/Li*, respectively. This corresponds to an overall revers-
ible capacity of 100 mAh g, as shown in Figure 2c. The second
cycle showed a similarly sloping voltage profile, but with a slight
shift of the voltage plateau to a higher voltage (2.5 V), which can
be associated with structural changes during the first cycle.
WOCI, exhibited a capacity retention of 90 mAh g~ (coulombic
efficiency: ~90%) after 50 cycles, as shown in Figure 2d. The
difference in the initial and latter voltage profiles, as can be
observed by CV and differential capacity plots (inset in
Figure 2d), indicates a chloride-ion shuttle that involves change
in structural coordination, which we will investigate by different
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ex situ measurements, such as XRD, Raman spectroscopy, and
XPS in more detail.

Figure 3a shows the X-ray diffractograms collected on the
cathodes retrieved from Li/3 M Pyr;4Cl in PC:EC (1:1)/WOCl,
electrochemical cell, at different states of cycling. Upon first dis-
charge, a strong loss in crystallinity results in the appearance of a
new broad reflection centered at 26 value of 11.6, indicative for
the formation of an amorphous phase. The transformation of
crystalline phase to an amorphous phase suggests an irreversible
structural modification likely associated with a conversion-type
mechanism.'® Amorphization is a common observation in
conversion-based electrodes and it is challenging, to characterize
such materials. For example, the amorphization phenomenon
has been reported from Mossbauer spectroscopy studies of
the lithiation process in Feq sTiOPO," and Sn0,!"® electrodes.
The chloride-ion cathodes such as BiOCI®&'? and FeOCI have
witnessed similar behavior. This was attributed to the formation
of amorphous and/or nanosized particles.'”) During dechlorina-
tion, the chloride-deficient WOCI,_, phase leads to phase sepa-
ration and/or amorphization of the electrode material. Thus, it
was difficult to identify the exact phase after discharge, due to
loss of crystallinity of the electrode. The diffraction pattern of
the charged sample shows similar amorphous pattern. To get

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 3. Exsitu characterization of WOCI, after electrochemical cycling: a) X-ray diffractograms of WOCI, after first discharge and charge.
b) Comparative Raman spectra of WOClI, after discharge, charge and c¢) W 4f and Cl 2p XPS spectra of pristine, discharged, and charged electrode.

further information on discharged products, complementary
characterization techniques are necessary, which will be discussed
in later sections. Figure S2, Supporting Information, shows the
X-ray diffractogram of the anode (lithium metal) after discharge,
which clarifies the formation of LiCl. This confirms the chloride-
ion shuttle in the cell from cathode to anode during cycling.

The FESEM analysis of discharged and charged cathodes is
shown in Figure S3, Supporting Information. Both samples
show bulkier particles with modified surfaces. It reveals electri-
cally disconnected bulkier cathode particles from conductive car-
bon, which possibly results from volume expansion during
electrochemical cycling. The energy-dispersive X-ray (EDX) ele-
mental mapping of these electrodes indicates the presence of W,
O, and Clin electrodes. The reduction of chloride content during
discharge, and increase in the same upon charging, indicates
reversible chlorination/dechlorination.

Raman spectroscopy measurements of the pristine WOCI,
sample (Figure 3b) showed three active Raman active modes,
A, B, and E!M The double band occurring at 877 and
888 cm™! represents the stretching of the W—O—W linear chain,
while the main band at 400 cm™" corresponds to W—Cl stretch-
ing. Raman spectra of the discharged electrode display new vibra-
tional modes, while the W-Cl stretching band of WOCI,
disappears. The weaker bands at 139 and 162 cm™" correspond
to W-Cl stretching, at 264 cm ™ correspond to O-W-C1,2% while
the features at 704, 807, and 930 cm™' are assigned to lattice
bending (6) vibrations of W-O-W, stretching (v) of W-O, and
W-O-W respectively. These new vibrational modes indicate
the formation of a WOs-like structure. Finally, the small shift
of the W-O bending mode from 710 to 698cm ' could be
due to an increase in bond length,?" associated with the change
in the oxidation state or ionic coordination within the structure.

XPS analysis was carried out on a pristine WOCI, sample, an
electrode discharged to 0.5V, and an electrode charged to 3.9 V.
Figure 3c shows the intensity-normalized detail spectra in the
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W 4f and Cl 2p region. The W 4f spectra of the pristine sample
show a W 4f peak doublet at 36.6 and 38.8 eV, which can be
assigned to W (+VI) in WOC1,.*?! Correspondingly, the peak
doublet in the Cl 2p spectrum at 199.2 and 200.8 eV is due to
chloride in WOCI,.*?! For the discharged and charged samples,
the features of WOCI, disappear. Instead, three new peak
doublets are observed in the W 4f spectra of these two samples.
The first doublet at 35.8 and 37.0 eV is most probably due to W*
but in a different chemical surrounding and binding energy (BE)
value corresponds to that of WOs3,**?* while the second doublet
at 34.8 and 36.0eV is probably related to W*"species.**! The
third doublet at 33.4 and 34.6 eV is due to W*".[**! The observed
peak positions of the second and third feature are slightly above
the expectation for pure oxide compounds of this oxidation state
and it can be speculated that this slight shift of the BE could
originate from some CI~ coordination process in the lattice.
Tungsten oxychlorides with W oxidation states lower than
+1II (i.e., WOCI,*>") are unstable in chloride ion-rich electrolytes
and tend to be converted to tungsten chlorides.”® The observa-
tion of a lower oxidation state of tungsten can be ascribed to the
partial reduction of W*" into W* and W**, in compliance with
the dissociation of Cl™ ions from WOCl, during the discharge
process. Furthermore, it is known that metal chlorides such
as W(+VI)Clg are known to get reduced into tungsten(+V) in
chloride-rich electrolytes/melts, which is attributed to the
oxidation of the chloride ion by tungsten (+VI) or due to reaction
with C1™.1*”) The spectra in the Cl 2p range shows for both cycled
samples a single peak doublet at 198.2 and 199.8 eV due to some
metal chloride but not metal oxychloride. These results corrobo-
rate again the pronounced changes in the chemical environment
from M-O-Cl, likely to separate M—O and M-CL*®) XPS is
also performed on the cathode side, as shown in Figure S4,
Supporting Information. The absence of peak at a BE value of
~55.0 eV indicates that there is no lithium ion crossover from
the anode side.

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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In view of the Raman and XPS results, it can be concluded that
WOs-type species are formed irreversibly during the discharge
process without complete reconversion upon charging, while
XPS explicitly shows varying amounts of metal-coordinated chlo-
ride, which could be tungsten with +6 and/or its reduced states.
Thus, WO; and WCI, (x = 4,5,6) are the probable discharge prod-
ucts. After first discharge, tungsten chloride participates electro-
chemically to shuttle chloride ions to the anode. An impedance
analysis of the cells in the OCV condition, discharged, and
charged state is shown in Figure S5, Supporting Information.
It is evident that impedance increases after the first discharge
by one order of magnitude and does not reduce after the charge.
The capacity fading over the number of cycles could be linked to
volume changes resulting from metal-to-metal chloride conver-
sion, which in the case of WCl,—WCl, is 59.8%.") Generally, the
large volume changes during discharge/charge processes induce
not only drastic pulverization, consequent loss of electrical con-
tact between active materials/the collector, but also formation of
the solid—electrolyte interphase (SEI) layer on the conversion-
induced electrode/electrolyte interface, which generally leads
to low coulombic efficiency and rapid capacity fading.[18a] In
addition, the discharge product on anode, LiCl, is electronically
insulating in nature and would also contribute to the total resis-
tance of the cell.”®! On the other hand, we cannot rule out the
possibility of partial dissolution of cathode material in the liquid
electrolyte, which could cause capacity fading. However, compre-
hensive advanced characterization methods are necessary, to
understand the detailed mechanism.

3. Conclusion

In summary, we have investigated tungsten oxychloride as a novel
candidate positive electrode material for CIBs, using non-aqueous
3 M Pyr14Clin PC: EC (1:1) electrolyte and lithium metal as anode.
The cathode shows a first discharge capacity of 120mAh g ' and a
reversible capacity of 90 mAh g™ ! after 50 cycles at a rate of C/10. Ex
situ characterization comprising XRD, XPS, Raman spectroscopy,
and FESEM revealed that the storage mechanism is based on a con-
version reaction, with chloride ions shuttling from negative to pos-
itive electrode back and forth. The strong capacity fading is likely to
be associated with the large volume changes due to the conversion
reaction. Further studies on engineering the cathode material to
overcome the volume changes and possible dissolution in electro-
lyte would be beneficial in achieving the improved performance.
Considering its promise as a cathode, this work paves a way forward
to use tungsten chloride-based materials in battery applications.

4. Experimental Section

Synthesis of Cathode/Conductive Carbon Composite: The commercial
WOCI, powder was purchased from Sigma Aldrich. A cathode composite
of WOCI, and conductive carbon (Super P, Alfa Aesar) was formed by
mechanical milling in the ratio of 80:20 (WOCl4:C) at 400 rpm for 1h.
Milling was carried out in a planetary ball mill (Fritsch PULVERISETTE
6) with an 80 mL silicon nitride vial and silicon nitride balls. The ball-
to-powder ratio was 20:1. All steps were carried out in inert gas
atmosphere.

Preparation of the Electrolyte: Prior to electrolyte preparation, the
chloride ion-conducting salt 1-Butyl-1-methylpyrrolidinium  chloride
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(Pyr14Cl, 99%, purchased from lolitec) dried in a vacuum oven at
120°C. The solvents propylene carbonate (PC) and ethylene carbonate
(EC) were dried using molecular sieves (3 A, Fisher chemical). The elec-
trolyte was prepared by dissolving 3 M Pyr,4Cl in PC:EC with a weight ratio
of 1:1 in an inert atmosphere.

Characterization: XRD measurements were conducted in a Stadi P dif-
fractometer (STOE & Cie) with a MYTHEN detector using a Cu Ka X-ray
source with a wavelength of 1.5418 A. The morphology of the samples was
studied using FESEM (Carl-Zeiss LEO 1530 instrument). The chemical
state of the elements was determined by XPS measurements using mono-
chromatized Al Ko (1486.6eV) radiation (Specs XPS system with a
Phoibos 150 energy analyzer). The samples were kept under Ar, during
transfer, to the XPS system. For BE calibration, the C 1s main peak
was set to 284.8 eV. Peak fitting was done with Casa XPS using Shirley-
type backgrounds and Gaussian—Lorentzian peak profiles. Raman spectro-
scopical measurements were performed in a confocal Raman microscope
(InVia, RENISHAW), at room temperature (=25 °C) in the spectral range
100-1200 cm ™' using a HeNe laser with a wavelength of 532 nm as the
excitation source. A 50x objective (Carl Zeiss) was used to focus the laser
light onto the electrode surface and to collect the Raman signal. The laser
power was ~1.0 mW. The spectrum acquisition time was 1s.

Electrochemical Tests: The electrochemical tests were carried out in a
multichannel electrochemical workstation (VMP-3, Bio-Logic). The galva-
nostatic charge—discharge cycling and CV of the half cells were performed
in the voltage range of 0.5-3.9V and a current density of 100mA g™~ " at
room temperature. EIS was performed with an applied sinusoidal excita-
tion voltage of 10 mV in the frequency range from 1 MHz to 0.01 Hz. The
loading of the active material was around 2 mg cm ™2 Lithium metal was
used as an anode. Glass fiber membranes (Whatman) were used as the
separator between the two electrodes. The two electrode Swagelok-type
cells were fabricated in an argon-circulated glove box, with oxygen and
moisture levels below 0.1 ppm.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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