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ABSTRACT: Intense research efforts on transition metal
chalcogenides (oxides and sulfides), pnictides (nitrides and
phosphides), and fluorides have demonstrated the complex,
intertwined effects of structural and chemical changes on their
electrochemical response leading to intercalation, conversion, or
displacement reactions when reacting with lithium. Prior efforts
largely left halides unexplored due to their heightened solubility in
classical liquid electrolytes. In this work, we employ super-
concentrated electrolytes to demonstrate the composition- and
structure-dependent electrochemical reactivity of A,MCl, com-
pounds (A = Li or Na and M = Cr, Mn, Fe, and Co). Comparing
four lithiated compounds, we demonstrate that they all undergo
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conversion reactions when reacting with 2 Li* per formula unit, associated with large polarization and limited cycling ability.
Nevertheless, combining in situ XRD with post-mortem XPS and STEM/EDS analysis, we demonstrate that Li,CoCl, first reacts
with one Li* following a displacement reaction providing a reversible capacity of 125 mAh g~'. This reaction is enabled by the
formation of a LisCoCl; intermediate, which shares a similar anionic framework with pristine Li,CoCl,, ensuring the topotactic
insertion of Li* balanced by the Co**/Co® redox couple and the formation of metallic Co nanoparticles. Comparing these
compounds, we propose that two criteria are necessary to trigger the displacement reaction in A,MCI, compounds: the presence of
1D chains of edge-sharing octahedra to favor electronic delocalization and the availability of a metal-deficient intermediate.
Screening numerous A,MCIl, compounds, we demonstrate the universality of these design principles, which extend to Na-ion
materials by demonstrating a low-polarization, reversible displacement reaction for Na,MnCl,.

1. INTRODUCTION

Electrochemical insertion and conversion reactions enable a
broad range of technologies, particularly electrochemical
energy storage devices that power electric vehicles and portable
electronics. The ionocovalent bonding character between the
transition metal (TM) and anionic ligands underpins the redox
activity of a material.' Chemical composition and crystal
structure provide two knobs to control the ionocovalence of
the TM-ligand bonds and are commonly used to tune the
performance of cathode materials in lithium- and sodium-ion
batteries. Following the pioneering works by Whittingham and
Goodenough,”™” layered or spinel TM chalcogenides (oxides
and sulfides) remain the stellar materials for the reversible
(de)intercalation of Li*. Nevertheless, reactivity of TM
chalcogenides with lithium is not limited to (de)intercalation
and different lithium uptake mechanisms such as displacement
or conversion reactions were shown for binary TM oxides and
sulfides.'®™"* Most other binary TM ligand materials, e.g.,
nitrides, phosphides, and fluorides, crystallize in fluorite,
antifluorite, or hexagonal structures, among others, and
underSgO a conversion reaction upon reactivity with lith-
jum.">"? However, careful studies over the course of multiple
decades have revealed subtle deviations from conversion
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reaction for binary compounds such as FeF;, which initially
react with lithium following combined insertion and displace-
ment reactions to form intermediates with composition
Li,Fe,_sF; along with FeF,.”” Moreover, subsequent con-
version of FeF, was shown to proceed through a transient
intermediate forming a FeF,|Li,FeF,ILiF interface that
facilitates the nucleation and growth of LiF. Similarly, binary
TM phosphides such as Ni,P or FeP, (y = 1, 2, or 4) were
shown to react with lithium following a stepwise process
involving the formation of a lithiated intermediate (Li, NiP,
and LiFeP, respectively).”" Instead, ternary pnictides Li-TM-
Pn systems (with TM =V, Ti, Fe, or Mn and Pn = N, P, or As)
were shown to undergo reversible Li* (de)intercalation,
associated with an amorphization/recrystallization of the
structure upon cycling.”' ~>” While not exhaustive, these few
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examples highlight the significant gap in knowledge that
remains for the electrochemical reactivity of transition metal
halides (e.g., chlorides, bromides, and iodides). This gap is
largely explained by their solubility in traditional electrolytes,
which has thus far limited such compounds to be used as
cathodes in molten-salt batteries™ or as solid electrolytes using
redox inactive elements.”

Recently, it was demonstrated that a high concentration
electrolyte, S M lithium bis(fluorosulfonyl)imide (LiFSI) in
dimethyl carbonate (DMC), suppressed the solubility of
vanadium trihalides (VX5; X = Cl, Br, I) and enabled the
reversible intercalation of up to 1 Li* per formula unit.”’
Further electrochemical studies coupled with structural
characterization revealed that the layered VX; compounds
with the O1 stacking structure undergo reversible lithium-ion
insertion with anion-dependent structural transitions. This
discovery significantly broadens the library of cathode
chemistries available to be studied in liquid electrolytes and
provides an avenue for deeper fundamental insights into how
the characteristics of the anionic ligand (e.g., electronegativity,
charge, ionic radius) influence electrochemical charge storage
behavior (e.g, reaction mechanism, structural transitions,
charge transport kinetics).

The discovery that transition metal halides can be stabilized
in high concentration electrolytes opens up new chemistries
with redox potentials between those found in oxides and
sulfides owing to the intermediate electronegativities of Cl, Br,
and I between that of O and S."****" The chlorides offer the
highest redox potentials compared to the bromides and iodides
as well as greater theoretical gravimetric capacity. Transition-
metal chlorides are reported to crystallize in a range of
structural dimensionalities (defined by the connectivity of the
transition metal chloride polyhedra) from 0D with isolated TM
chloride polyhedra to 3D with TM chloride polyhedra
interconnected in all directions throughout the lattice (Figure
1). Within the A,MCl, stoichiometry, where A = alkali cation
and M = metal cation, there are 0D, 1D, and 3D structures
reported depending on the choice of A and M. Early studies on
Li;MCl, compounds focused on their ionic conduction
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Figure 1. Collection of reported alkali transition-metal halides that

contain crystallographic features ranging in dimensionality from 0D to
3D.

properties, with conductivities measured on the order of
107 S cm™ at room temperature and up to 107 S cm™! at
high temperatures after undergoing a transition from cubic
inverse spinel to the cubic defect rocksalt-type structure.’’
Besides being studied as solid electrolytes, few reports have
investigated Li,MCl, compounds as electrode materials, all of
them using solid-state electrolytes.”>™*> Tanibata et al.
demonstrated that Li* can be deinserted from Li,FeCl, with
an initial charging capacity of 126 mAh g~' and discharge
capacity of 100 mAh g™ at 30 °C using a LiAlCl, solid
electrolyte.”® Hao and Ma studied the influence of the
composition of Zr in Li,_, Mn;_Zr,Cl, (0 < x < 0.6) on
the ionic and electronic conductivity and electrochemical
reactivity using the combination of Li;InCls and LigPS;Cl solid
electrolytes.35 LiMn, sZrysCl, showed the highest ionic
conductivity, and electrochemical cycling revealed that Li*
deinsertion is not possible. Further reduction led to a discharge
capacity of 52.4 mAh g™', which quickly degraded during
subsequent cycles. Although these studies show that electro-
chemical reactivity in A,MCl, compounds is possible, little is
known about the reaction mechanisms. Moreover, owing to
the solubility of these phases in traditional/commercial liquid
electrolytes, nothing is known regarding their electrochemical
behavior in liquid electrolytes.

In this work, we utilized high concentration electrolytes that
suppress the solubility of transition metal halide compounds to
investigate the electrochemical reactivity of the A,MCl, family
of compounds. Electrochemical studies reveal limited or even
negligible Li-ion deinsertion during oxidation for all A,MCI,
compositions. Strikingly, composition- and structure-depend-
ent electrochemical behavior was observed upon reduction of
the A,MCl, phases, with some phases undergoing conversion
with limited reversibility while others show reversible cycling
with low polarization. Combining electrochemical measure-
ments with in situ XRD, ex situ STEM/EDS, XPS experiments,
and first-principles DFT calculations, we determined that the
low polarization reactivity of some A,MCI, halides is due to a
displacement reaction and developed the guiding principles
that unlock this reversible displacement reaction. Furthermore,
we validated these criteria, which were based on Li-containing
materials, by extending them to a Na-based compound that
shows a reversible displacement reaction when cycled in
superconcentrated Na-ion electrolyte. In summary, this work
demonstrates the applicability of these structure—property
relationships to design novel halide-based A,MCl, materials in
liquid electrolytes.

2. METHODS

Chemicals. LiCl (99%, Thermo Scientific) and NaCl (99.5%,
Thermo Scientific) were dried at 55 °C under vacuum at 50 mbar for
24 h in a Buchi glass oven before transferring into an argon-filled
glovebox for further processing. Binary transition metal chloride
precursors were used as received, including CrCl, (97%, Thermo
Scientific), MnCl, (99.99% metals basis, Thermo Scientific), FeCl,
(99.5% metals basis, Thermo Scientific), CoCl, (97%, Sigma-
Aldrich), and CuCl, (99.995% metals basis, Thermo Scientific).

Synthesis of A,MCl, Phases. Li,MCl, (M = Cr, Mn, Fe, Co),
LizCoClg, and Na,MnCl, were synthesized by mechanochemical
synthesis using binary chloride (MCl,) mixed with LiCl or NaCl. A
typical mechanochemical synthesis involved the following steps: (1)
grind precursors using a mortar and pestle; (2) load the mixture into a
hardened stainless steel ball mill vial (SPEX 8009SS); (3) ball mill for
10 cycles with 30 min of milling and 30 min of resting per cycle
(SPEX 8000 M mixer/miller); and (4) heat at 264 °C for 3 h on a hot
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Figure 2. Crystal structures and XRD patterns with Le Bail fitting of (a) Li,CrCl,, (b) Li,MnCl,, (c) Li,FeCl,, and (d) Li,CoCl,. Black, red, and

blue lines represent the observed, calculated, and difference patterns, respectively. Vertical tick marks indicate reflection positions.

plate.®® Steps 1, 2, and 4 were performed in an argon-filled glovebox

(MBraun, < 0.5 ppm of H,0, O,).

32061

Physical Characterization. X-ray diffraction (XRD) measure-
ments were performed using a Bruker D2 Phaser with Cu K,,/K,,
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incident X-rays (1, = 1.5406 A, 4, = 1.5444 A). Samples for XRD
were prepared in an argon-filled glovebox in an airtight sample holder
(MTI Corporation) with a Kapton window. In situ XRD measure-
ments were carried out using a coin cell with a Kapton window (TCH
Instrument). A background curve was manually generated and either
fit or subtracted from each pattern to account for the large
background from the Kapton window. The collected diffraction
patterns were analyzed using the Le Bail fitting method in the FullProf
Suite (version $.10, 2023).%° Each pattern was fit with the LiCl
(Fm3m) structure and the respective Li,MCl, structures reported in
the Inorganic Crystal Structure Database (ICSD). Crystal structure
illustrations were produced using VESTA.*

X-ray photoelectron spectroscopy (XPS) measurements were
conducted on a Thermo Fisher Scientific K-alpha instrument with
an Al X-ray source. Pristine and ex situ powder samples were pressed
into a copper holder and mounted in a vacuum transfer chamber in an
argon-filled glovebox to avoid exposure to air and moisture. Data
fitting and analysis was performed using Avantage software.

Transmission electron microscopy was performed on a Thermo
Fisher Scientific Themis Z G3 Cs-corrected scanning transmission
electron microscope equipped with a Super X-4 quadrant energy-
dispersive X-ray spectroscopy (EDS) detector. Samples were prepared
by sonicating in hexanes for ~30 min and drop casting on a copper
grid coated with lacey carbon (Oxford Instruments). Sample grids
were loaded in the Mel-Build Atmos Double Tilt LN2 Vacuum/Inert
Gas Transfer Holder in a nitrogen-filled glovebox and transferred to
the TEM without any air/moisture exposure. High-angle annular dark
field (HAADF) images and EDS mapping data were collected at 200
kv.

Electrochemical Characterization. Electrochemical measure-
ments were performed using a Bio-Logic BCS-805 battery cycler. The
active material was mixed with Super P carbon in a 7:3 weight ratio.
Half cells were assembled using 2032 304 steel coin cells (TMAX)
with aluminum foil coating the current collector at the positive
electrode followed by the active material powder mixture, glass fiber
separators (Whatman), 100 yL of S M LiFSI in DMC (Solvionic),
polished lithium metal (MTI) on a stainless steel spacer, and a
stainless steel spring. The coin cells were crimped with a pressure of
0.8 tons. Powder processing was carried out in an argon-filled MBraun
Labstar Pro glovebox with <0.5 ppm O,H,0. All coin cells were
assembled in an argon-filled MBraun Unilab Pro glovebox with <0.1
ppm O,/H,0. Unless otherwise stated, galvanostatic cycling was
conducted in a temperature control unit (Memmert) at a rate of C/
10, with C referring to the exchange of 1 e” per formula unit of the
A,MCl, compound. The C-rate was C/20 and rest time was 2 h
during the galvanostatic intermittent titration technique (GITT)
measurements.

Computational Details. Spin-polarized DFT calculations were
performed using VASP.>***° The atoms are described in plane-wave
basis sets using PAW pseudopotentials.”” DFT(PBE)+U*"** with
U.+(Co) = 3 eV and metaGGA(SCAN)™ functionals were checked
and give very similar results. The inserted Li,,,CoCl, and displaced
Li,,,Co;_,/,Cl, phases were computed in large supercells (up to 225
atoms) with different Li distributions over the available sites. All
atomic coordinates and lattice parameters were fully relaxed until the
force acting on atoms is less than 5 x 107 eV A™". The phase stability
diagram comparing insertion, displacement, and conversion reaction
energies was computed using the converted electrodes as the
reference zero energy: (1 — x/2) E(Li,CoCl,) + (x/2) E(Co° +
4LiCl) and only the most stable structures were considered.

3. RESULTS AND DISCUSSION

Alkali transition metal chlorides of the stoichiometry A,MCl,
(where A = alkali metal; M = transition metal) make up a
compositionally and structurally diverse family of materials.
Cations A and M occupy a combination of tetrahedral and
octahedral positions in a closely packed anion sublattice.
Owing to the nature of the metal-chloride bonds, a series of
Li,MCl, (M = Cr, Mn, Fe, Co) compounds, shown in Figure

2, were synthesized via ball milling and subsequent mild
heating at 264 °C. Li,CrCl, forms a monoclinic C2/m
structure with 1-dimensional (1D) chains of edge-sharing
CrClg octahedra parallel to the c-axis.** The CrClg octahedral
distortion leading to monoclinic symmetry is attributed to the
Jahn—Teller effect. Li,MnCl, and Li,FeCl, both form cubic
inverse spinel type (Fd3m) structures.”*® In Li,MnCl,, half of
the Li occupies the 8a tetrahedral position, while the other half
shares the 16d octahedral position with Mn. In Li,FeCl,, the
16d position is half lithium and half Fe, while the remaining
lithium occupies 8a tetrahedral and 16¢ octahedral positions.
Li,CoCl, forms the orthorhombic (Cmmm) defect rock-salt
structure.”” All Li and Co atoms occupy octahedral positions,
with the CoCly octahedra forming 1D edge-sharing chains
parallel to the c-axis. These four materials consist of two
inverse spinel structures with 3D interconnected MCly
octahedra (Li,MnCl, and Li,FeCl,) and two structures with
1D chains of MClg octahedra (Li,CrCl, and Li,CoCl,), thus
providing a set of materials suitable for studying the influence
of dimensionality on the electrochemical reactivity of halide
compounds with Li.

To investigate the electrochemical reactivity of the Li,MCl,
phases, a high concentration electrolyte (S M LiFSI in DMC)
previously shown to suppress the solubility of transition-metal
halides was used.”® We first investigated the M>*"/3* redox
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Figure 3. (a) Galvanostatic cycling of Li,MCl, (M = Cr, Mn, Fe, Co)
at 25 °C and a rate of C/10 in 5 M LiFSI in DMC. For Li,CrCl, and
Li,FeCl,, results obtained with cutoff potentials of 3.6 and 4.2 V vs
Li/Li* are compared. Galvanostatic cycling of (b) Li,CrCl, and (c)
Li,FeCl, (M = Cr Mn, Fe, Co) at 25 °C and a rate of C/10 in S M
LiFSI in DMC with a cutoff potential of 3.6 V vs Li/Li*. The charge
and discharge capacities over the first S cycles are given in the inset.

activity of these compounds upon delithiation (Figure 3a). The
results from galvanostatic cycling at a rate of C/10 at room
temperature showed different behaviors as a function of the
transition metal. For Mn- and Co-based halides, no reversible
reaction was observed when cycling up to 42 V vs Li/Li".
Li,CrCl, and Li,FeCl, showed two anodic events, a first one at
potentials ~3—3.5 V vs Li/Li* followed by a second one at
potentials >4 V vs Li/Li*. In situ XRD measurements
confirmed that the first oxidation plateau is associated with
the deinsertion of Li* from the Li,MCl, structure, accom-
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panied by a phase transformation indicated by the presence of
new XRD peaks (Figure S1). Comparing results obtained with
cutoff potentials of 3.6 V vs Li/Li" and 4.2 V vs Li/Li", one can
conclude that the second oxidation event is irreversible for
both compounds. For Li,CrCl,, the extra capacity observed in
oxidation at high potentials is not recovered in reduction and
thus likely originates from electrolyte oxidation, while the first
redox plateau is found reversible. For Li,FeCl,, the oxidation at
high potentials induces the loss of the Li" reinsertion plateau at
around 3 V vs Li/Li". Altogether, these results suggest that
Li,FeCl, is decomposed at high potential, as previously
observed for lithiated nitride phases LiMoN,*® for instance.
This result is in line with previous reports for Li,FeCl, using
solid electrolytes where two similar oxidation events were
observed, with the high potential one being fully irreversible
while the low potential one shows very limited reversibil-
ity.>>~*>* One can thus conclude that anodic decomposition
occurs at high potentials and may be dependent on the
electrolyte, possibly involving the reaction of oxidized CI~
ligands with DMC.>° Nonetheless, capacities of 75 and 50
mAh/g were recorded for Li,FeCl, and Li,CrCl, upon the first
charge using a cutoff voltage of 3.6 V vs Li/Li*. Capacity losses
corresponding to ~35% and ~80% of the initial capacity for
Li,CrCl, and Li,FeCl,, respectively, were recorded after only S
cycles (Figure 3b,c), making these two phases of limited
interest for practical applications under anodic/delithiation
conditions.

Potential (V vs. Li/Li*)

00 05 10 15 20
# e transferred per Li,MCl,

Figure 4. Galvanostatic cycling of LiMCl, (M = Cr, Mn, Fe, Co) at
55 °C and a rate of C/10 in S M LiFSI in DMC. Each material was

cycled with a 1 e”/fu. limitation (solid line) and 2 e~/f.u. limitation
(dashed line).

We then turned our attention to the electrochemical
behavior of each A,MCl, phase during reduction. Figure 4
shows the galvanostatic cycling behavior of A,MCl, (M = Cr,
Mn, Fe, Co) with a rate of C/10 at 55 °C and limited to 1 and
2 e~ per formula unit (fu.). Initial reduction of Li,MCl, where
M = Cr, Mn, and Fe leads to a negative potential spike
associated with a nucleation event followed by a single plateau
at low potentials (<2 V vs Li/Li") for both the 1 e~ and 2 e~
transfer limit. Moreover, all three materials show very large
hysteresis independent of the electron transfer limit. These
features are characteristic of a conversion reaction, where (1)
Li, X (n being equal to the formal oxidation state of X) and

metal nanoparticles nucleate and (2) poor electronic
conductivity and bond breaking and reforming lead to large
potential hysteresis.'” Interestingly, Li,CoCl, showed two
plateaus in reduction. When the reduction was extended to 2
e /fu, a large hysteresis was observed, similar to the
conversion reaction observed for the other transition-metal
halides. However, limiting the reaction to 1 e”/fu. led to a
lower hysteresis (360 mV). Based on these results, we
hypothesize that the 1 e” reaction of Li,CoCl, follows a
unique reaction path, different from the conversion-type
behavior of Li,MCl, where M = Cr, Mn, or Fe.

Prior to studying the physical and structural changes that
occur during reduction, we further investigated the electro-
chemical behavior of the 1 e”/fu. redox reaction in Li,CoCl,.
The results from extended galvanostatic cycling at S5 °C
(Figure Sa) reveal that Li,CoCl, delivers a reversible capacity
of 125 mAh g™' (1 e /fu.) at C/10, close to the practical
capacity of some intercalation materials such as LiFePO,
(~140—160 mAh g_l).51 The discharge and charge profiles
of successive cycles perfectly overlap one another, maintaining
the low potential hysteresis and demonstrating that the
material is stable and does not suffer from dissolution, phase
transformations, or other parasitic reactions. When cycled at a
rate of C/10 in a controlled potential window between 2.2 and
3.2 V vs Li/Li*, 84% capacity retention was observed after 15
cycles (Figure S2a,b). Increasing the charge/discharge rate to
IC (55 °C) leads to an increase in polarization and
electrochemical grinding during the first several cycles before
reaching a maximum capacity of ~75 mAh g™ (64% of the
maximum capacity observed at C/10) (Figure S2c,d). The
reversibility and capacity retention during cycling at higher
rates support the hypothesis that the 1 e /fu. reduction
reaction in Li,CoCl, is unique compared to the performance of
conversion-type materials.

To gain further insight into the reactivity of Li,CoCl,, we
investigated its electronic structure using first-principles
calculations. As shown in Figure 6a, Li,CoCl, is a pseudo
one-dimensional system with weakly interacting CoCl, chains
of edge-shared octahedra showing dispersive Co(d)-bands
mainly along the M-R (c*-axis) direction of the Brillouin zone
around the Fermi level. The local magnetic moment of cobalt
is found to be ug ~ 2.7, consistent with the high-spin d’
configuration of Co(II). The Fukui functions f, and f_ show
that the oxidation of Li,CoCl, involves t,,-like orbitals of
Co(d,,), making negligible 6-type Co—Co interactions along
the chains (c-axis). Instead, its reduction involves other tyy-like
orbitals of Co(d,,) making strong o-type Co—Co interactions
along the chains (Figure 6b). This may explain the inability to
extract Li from this structure (no hole delocalization along the
chains), while inserting Li is favorable (electron delocaliza-
tion). Moreover, these results highlight the importance of the
dimensionality of the MCly linkages in determining the
electrochemical reaction products. This contrasts with harsh
chemical reduction reactions used to lithiate CoCl, and
lithiated ternary compounds that leads to the formation of
different metallic Co nanoparticle morphologies: reduction of
CoCl, forms a nanoporous metal, while dilution of cobalt in
Li,CoCl, and LizCoCly both lead to Co nanowire
formation.>*>>?

Several reaction mechanisms must be considered during the
reduction of Li,CoCl,, including an insertion reaction forming
a Co(I) compound (eq 1a) followed by a conversion reaction
(eq 1b); a displacement reaction forming metallic Co and a Li-
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rich, Co-deficient intermediate phase (eq 2a) followed by
conversion (eq 2b); a conversion reaction forming metallic Co
and LiCl with morphological factors influencing the polar-
ization (eq 3). Equation 2a represents a general case for the
displacement reaction mechanism, whereby charge compensa-
tion for the Co(II) reduction is provided by Li* insertion in a
topotactic reaction. It is also possible to undergo displacement
reactions that (1) nucleate a thermodynamically stable phase
that is Li-rich and TM-deficient, leading to a multiphase
system that includes the pristine phase, displaced phase, and
metallic nanoparticles at intermediate values of x, or (2)
exchange one Li* for one TM with the remaining charge
compensated by oxidizing transition metals in the original
material.

Li,CoCl, + Lif+e - Li;CoCl, (1a)

Li;CoCl, + Li* + ¢~ — Co + 4LiCl (1b)

Li,CoCl, + xLi* + xe” — Li,, Co,_,.Cl, + 1/ZocCo; 0
(2a)

<x<l1

Yy Li(CoCly + Li* + e~ — Y, Co + 4LiCI (2b)
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Li,CoCl, + 2Li" + 2e” — Co + 4LiCl (3)

To discriminate between these different redox reactions, the
galvanostatic intermittent titration technique (GITT) was used
to reveal the equilibrium electrochemical potential of the
material throughout reduction and oxidation. Figure S5b,c
shows the GITT results for Li,CoCl, cycled at C/20 and 55 °C
with 0.05 e~ increments and 2 h rests at OCV between each
step. When the GITT cycle was limited to 1 e”/fu. (Figure
Sb), there was negligible hysteresis between the reduction
plateau and the oxidation plateau. In the final stages of
oxidation, the galvanostatic charging curve and the relaxation
potential began to rise, which we attributed to some
irreversibility in addition to electrolyte reactivity at potentials
approaching 4 V vs Li/Li". The plateau voltage of 2.54 V vs Li/
Li" aligns well with the expected reaction potential calculated
for Co?*’® redox (2.59 V vs Li/Li*; see Table SI for
thermodynamic data). Reducing Li,CoCl, beyond 1 e™/fu.
during GITT (Figure Sc) requires a larger activation for the
reaction to proceed, thus leading to a higher polarization.
However, the relaxation potential only very slightly changed
from 2.54 V at 0.05 e /fu. to 243 V at 1.95 e /fu. Upon
reoxidation, a polarization of ~140 mV is first observed after
the exchange of 2 e”, compared to only ~66 mV during the
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during reduction followed by subsequent disappearance during oxidation.

le™ reoxidation curve. At the end of the oxidation process, one
new oxidation reaction pathway is recorded, showing high
polarization and relaxation potentials in the range of 2.8—3.1 V
vs Li/Li" followed by a high potential region ~3.8 V vs Li/Li*
attributed to electrolyte reactivity (see discussion about anodic
reactivity above). The conclusions from GITT results are that
the reduction and oxidation reactions follow the same reaction
path when the reduction is limited to 1 e”/f.u., while extending
the reduction to reach 2 e /fu. shows similar relaxation
potentials to the first plateau, attributed to the Co**/° redox
couple; however, this leads to large polarization and reaction
path hysteresis upon reoxidation.

The electrochemical behavior of Li,CoCl, is in stark contrast
with that previously reported for layered transition metal
halides such as VCl; or CuCl, (Figure 7).>***>° Indeed, while
VCl; was shown to undergo a classical intercalation process
associated with the redox couple V**/V**, copper is known as
one of the unique transition metals that can be stabilized as
Cu(I), as in the CuCl structure. Hence, upon cycling CuCl, in
S M LiFSI in DMC at 55 °C and a rate of C/10, two distinct
reaction plateaus were observed, each corresponding to the
transfer of 1 e /fu. (Figure 7a), in agreement with prior
reports.' "> The reduction plateaus at 3.40 and 2.67 V vs Li/
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Li"* match the predicted potentials of two sequential 1 e~
conversion reactions (eqs 4 and S; thermodynamic data
provided in Table S1) shown by the dashed lines in Figure 7a
and confirmed by in situ XRD (Figure 7b), which shows
characteristic peaks of CuCl and LiCL

CuCl, + Li" + ¢~ — CuCl + LiCl (3.41V) (4)

CuCl + Li" + e~ = Cu + LiCl (2.74V) (5)

Comparing the behavior of Li,CoCl, to CuCl,, it is clear
that the two plateaus recorded in the reduction of Li,CoCl,
that show similar relaxation potentials cannot be explained by
sequential Co**/Co'* and Co'*/Co° redox couples; thus, the
low polarization plateau recorded during the first electron
transfer in Li,CoCl, is not associated with a Co**/Co'* redox
active couple. Overall, this comparison rules out insertion
reaction mechanism (1).

To understand which mechanism is at play during the
reactivity of Li,CoCl, with Li, ex situ XPS experiments were
carried out, focusing on the oxidation state of Co upon
reduction using the core spectrum of the Co 2p region in the
pristine material and after 0.25, 0.5, and 1 e~ reduction (Figure
8a,b). The spectrum of the pristine Li,CoCl, shows two peaks
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corresponding to the 2p;,, and 2p,,, transitions at 780.9 and
797.2 eV, respectively, ascribed to Co(II). The peaks
positioned at a higher binding energy compared to the 2p;,,
and 2p, ,, peaks are the respective satellite peaks. The Co(II)
signature was observed at all stages of reduction, as expected
based on the reaction mechanisms in eqs 2 and 3. However, a
peak at 779 eV (highlighted in blue) corresponding to Co(0)
emerged in the reduced samples as early as 0.25 e”/fu. The
intensity of the Co(0) peak increases with the degree of
reduction from 0.25 to 1 e /f.u. The results from ex situ XPS
provide direct evidence that the electrochemical mechanism
during the first reduction plateau of Li,CoCl, involves the
Co®"/? redox couple, therefore ruling out the possible
formation of a Co(I) compound as required by eq la.

To differentiate between the displacement (eq 2a) and
conversion reactions (eq 3), in situ X-ray diffraction measure-
ments were carried out during the first reduction and
reoxidation (Figure 8c). Peaks at 44.57° and 47.13° were
observed upon reduction, and their peak intensities increased
during reduction and decreased during oxidation. These peaks
are attributed to the reversible formation/consumption of Co
nanoparticles, in agreement with the results from XPS. During
reduction, the intensity of the (201) peak of Li,CoCl, at
35.18° decreases, but does not completely disappear,
suggesting that a small amount of Li,CoCl, is retained after
1 e” reduction. This peak does not completely disappear until
full reduction is reached, after which only peaks associated with
LiCl and Co nanoparticles are observed (Figure S3). A peak at
34.91° is found to increase in intensity during reduction. This
peak can be associated with the formation of either LisCoClg
or LiCl. Nevertheless, these three compounds, Li,CoCl,, LiCl,
and LigCoClg, share a similar anionic framework, with only
slight differences in the cationic occupation of interstitial sites.
As a result, their diffraction peaks, for both X-ray and electron
diffraction, overlap (Figure S4).

Due to the overlapping diffraction patterns of the pristine
and reduced phases, STEM imaging coupled with EDS analysis
was carried out to quantify the composition of Cl and Co in
the phases present at different states of charge (Figure 9).
Since chlorides are known to be beam sensitive, extra care was
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taken to ensure that the observations of pristine and ex situ
Li,CoCl, samples were not a result of beam damage
(additional EDS data and discussion regarding sample stability
are provided in Figure SS and Supplemental Note 1). EDS
mapping of pristine Li,CoCl, (Figure 9a) reveals that Co and
Cl are uniformly distributed throughout large micrometer scale
particles, with the expected Cl:Co ratio of 4:1. After a
reduction corresponding to the exchange of 0.5 e /fu,
residual pristine Li,CoCl, with Cl:Co of 4:1 was observed in
addition to Co nanoparticles and Co-deficient, Cl-rich regions
with Cl:Co close to 8:1 (Figure 9b). This result provides
evidence that the reduction process proceeds through a
displacement reaction involving the formation of a LisCoClg
intermediate, along with Co nanoparticles. This conclusion is
reinforced by observing that for a sample that underwent
reduction to 1 e”/fu., Li,CoCl, was no longer observed and
regions of Co and LizCoClg were once again present (Figure
9¢c). Nevertheless, regions of LiCl are also observed after 1 e~
reduction, indicating that the onset of the conversion reaction
is concomitant with the end of the displacement reaction. This
observation is consistent with electrochemical results that show
a variable onset of the conversion reaction between 0.8 and 1.2
e”/fu for cells cycled under identical conditions (Figure S8).
This indicates that the displacement reaction is highly sensitive
to packing density, local current density, and polarization,
among other parameters, which can eventually be optimized by
the use of coated electrodes or by controlling the cell pressure.
The results from reoxidation of a sample reduced to 0.5 e /fu.
(Figure 9d) are difficult to interpret due to the possible
presence of unreacted material after the partial discharge and
charging to only 3 V. However, no cobalt nanoparticles were
observed, which confirms that the reversible reaction involves
the reoxidation of Co nanoparticles.

The formation of cobalt nanoparticles and the cobalt-
deficient phase, LizCoClg, observed via STEM/EDS, provides
evidence that the reduction of Li,CoCl, follows the displace-
ment reaction (eq 2a). Unlike conversion that is well-known to
suffer from large polarization associated with the energy barrier
to break and form metal—ligand and lithium-ligand
bonds,' "% the displacement reaction mechanism exhibits
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low hysteresis,”” while the polarization progressively increases
from 1 to 2 e” transferred per formula unit when the reaction
mechanism switches to conversion. As for any displacement
reaction, there is a topotactic exchange of the inserted cations
with the TM that is removed from the structure upon
reduction. Hence, the displacement reaction is enabled by the
structural similarities existing between the initial and the final
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Figure 10. Crystal structures of (a) Li,CoCl, and (b) LigCoClg
showing the similar anion sublattice in each material. (c) Phase
stability diagrams for the insertion and displacement reactions (both
compared to the direct conversion of Li,CoCl, into Co(0) + 4LiCl)
as computed from DFT+U and SCAN. The LicCoClg phase is
indicated in red at x = 1.

product, i.e., between the chloride anion lattice in Li,CoCl,
and LizCoClg, shown in Figure 10ab. Indeed, in Li,CoCl,,
CoClg octahedra have Cl—Co—Cl distances of 4.926 and 4.934
A and Cl-Li—ClI distances of 5.101 and 5.145 A. In LicCoCl,
similar distances are observed, with Cl—Co—Cl distances of
4.890 A and CI-Li—Cl distances of 5.155 A. Thus, no major
volume expansion is observed during the displacement.
However, the electrochemical transition from Li,CoCl, to
LisCoClg requires mild thermal activation at 55 °C. Figure S9
shows that during the reduction of Li,CoCl, at room
temperature only the plateau at 1.7 V is observed, and the
low polarization plateau associated with the displacement
reaction is not observed. The extra capacity that is observed
during reduction to potentials below ~1.7 V includes the
reactivity of the electrolyte, as confirmed by cycling a cell with
conductive carbon as the electrode (Figure S10). The
structural similarities provided by the anion lattice allow for
topotactic cation exchange of 2 Li* and 1 Co(II) ion during

the displacement reaction upon mild thermal activation at 55
°C, indicating either some kinetics limitation due to hindered
Co or Li diffusion in the defective structure, or a slightly more
positive Gibbs free energy for the formation of LisCoClg when
compared to the formation of Co(0) and LiCl.
First-principles DFT+U calculations were carried out to
further understand the energy landscape of the insertion,
displacement, and conversion reaction mechanisms during the
lithiation of Li,CoCl,. Note that a partial displacement
reaction resulting in the oxidation of some Co(II) to Co(III)
upon exchanging one Li* and one Co(Il) was not considered
here, as this reaction was supported neither by our XPS results
nor by the existence of a Co(Ill) containing lithium cobalt
chloride phase in crystallographic databases. As shown in
Figure 10c, both insertion and displacement reactions compete
with the conversion reaction at the very beginning of discharge
(x < 0.25). Above this critical value, the insertion reaction
becomes very unfavorable (in agreement with the undesired
Co(II) reduction to Co(I)) while the displacement reaction
appears very close in energy to the conversion reaction.
Following the convex hull of this phase stability diagram, the
formation of 1/2LigCoClg + 1/2Co (red data point in Figure
10c) following a multiphase displacement reaction is
thermodynamically favored over conversion in the composi-
tion range from x = 0 (Li,CoCl,) to 1 (1/2LixCoClg + 1/
2Co). Similar conclusions were drawn using DFT+U and
SCAN methods, thus revealing that a multiphase displacement
reaction is thermodynamically feasible upon reduction for
Li,CoCl,, in agreement with the experimental observations
discussed above. Furthermore, based on the computational
results, one can conclude that the requirement for thermal
activation originates from kinetic limitations of Li and/or Co
diffusion rather than unfavorable Gibbs free energy of
formation at low temperature. The displacement reaction
stops when Li* cations alternatively occupy half of the Co(1I)
sites along the 1D octahedral chains. One can hypothesize that
within this configuration, the diffusion pathway for the
displacement of Co(Il) is inhibited and/or the electronic
conductivity is severely limited by the transition from 1D
chains of CoCly octahedra forming Co—Co chains with
electronic delocalization to isolated 0D CoCl,. However, more
remains to be done to better comprehend diffusion and
electronic properties of this phase at different lithiation stages.
To further understand the reactivity of the Li,CoCl,—
LizCoClz—LiCl system, we synthesized the cobalt-deficient
defect-rock salt intermediate phase, LizCoClg. XRD results
shown in Figure S11 confirm the formation of the Fm3m
structure reported by Kanno et al.®’ Pristine LigCoClg was
cycled in 5 M LiFSI in DMC at 55 °C and a rate of C/10 with
the discharge limited to 0.5, 1, and 2 e™/fu. of LisCoClg
(Figure S12a). The results show that ~0.5 e”/fau. is reversibly
cycled, while further reduction leads to an increase in
polarization and reduction potentials that overlap with
electrolyte decomposition, thus leading to irreversibility and
large voltage hysteresis. During the reduction of LiCoClg, a
large feature is observed at the early stages, characteristic of a
nucleation event during a conversion reaction, that is followed
by a sloping discharge curve with a continuously increasing
polarization. In short, the electrochemical behavior of LicCoClg
during reduction matches that observed for Li,CoCl, when
more than 1 e”/fu. is exchanged. Oxidation leads to a sloping
voltage profile between 2.55 and 2.81 V vs Li/Li" that recovers
83% of the discharge capacity before a steep increase in the
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potential. When comparing the results of Li,CoCl, and
LigCoClg, the latter shows larger hysteresis (490 mV compared
to 360 mV in Li,CoCl,), one narrow and one large nucleation
event at the beginning of discharge, and a constantly increasing
polarization during discharge. Conversely, Li,CoCl, shows one
narrow nucleation event at the very beginning of the discharge
and a distinct voltage plateau. Next, we performed the
galvanostatic intermittent titration technique on LigCoCly,
which showed that only ~0.2 e”/fu. could be exchanged
during the first reduction event before quickly transitioning to
a low voltage region (<2 V vs Li/Li*) that involves the
competition between continued conversion of the pristine
material and decomposition of the electrolyte (Figure S12b).
Ultimately, these results show that reversible Li-ion reactivity
with LigCoCly is limited to only 0.5 e™/f.u. or about 1/4 of the
cobalt that remains from the initial Li,CoCl, structure. We
hypothesize that this is related to the 0-D structure formed in
LisCoCly with isolated CoCls octahedra, thus impeding cobalt
and electron transport.
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Figure 11. Proposed reaction mechanism of the electrochemical
reactivity of Li,CoCl, with lithium.

Considering together the reactivity of Li,CoCl, and
LigCoClg, the reduction mechanism of Li,CoCl, is proposed
to go through the following stages (Figure 11): (i) the
displacement reaction of Li,CoCl, represented by a low
polarization plateau that forms 1/2Co and 1/2LigCoClg, (ii)
an additional nucleation event at moderate overpotentials
representing the reactivity of LisCoClg followed by a steady
increase in polarization that is limited to ~1/4e”/fu., and (iii)
a low potential nucleation event and plateau attributed to the
competing conversion reaction and electrolyte decomposition.
Plotted together (Figure 11 and Figure S13), the voltage
profiles match well with each other and resemble the full
reduction of Li,CoCl,, with some deviation expected based on
the complex evolution of the electrochemical interfaces and
morphology during the in situ formation of the LisCoClg
intermediate (consistent with the observation of some
variability in the onset of the transition region after the first
reduction plateau). These results provide strong evidence
supporting the displacement reaction of Li,CoCl, leading to
the formation of the LisCoClg intermediate phase.

By comparing several alkali transition metal chlorides with
the same stoichiometry and different structures, our study
reveals the following criteria that determine whether a
displacement reaction can occur in ternary Li-TM-CI
compounds: (1) the original structure must contain 1D chains

of edge-sharing octahedra that favor electronic delocalization
and (2) a transition-metal-deficient intermediate must be
available with the same TM oxidation state. Criterion 1 is
supported by comparing Li,FeCl, and Li,CoCl,. For Li,FeCl,,
an intermediate structure has been reported, LisFeCls.
However, the pristine phase forms a 3D interconnected
structure. We hypothesize that the distribution of Fe(Il) and
Li* throughout the inverse spinel structure blocks diffusion
pathways for each cation into and out of the structure, thus
leading to a high polarization. Criterion 2 is supported by
comparing Li,CrCl, and Li,CoCl,. In Li,CrCl,, the pristine
structure contains 1D chains of edge-sharing octahedra along
the [001] direction; however, the only transition-metal-
deficient phase reported contains Cr(III), which is not
expected to form during the reduction from Cr(II).
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Figure 12. (a) Crystal structure of Na,MnCl, and (b) galvanostatic
cycling of Na,MnCl, in a high concentration Na-ion electrolyte
consisting of a 0.5:1 molar ratio of NaFSI:DME.

To test the universality of these design principles, we
screened several compounds (Table S2). Doing so, we found
that Na,MnCl, forms a structure with 1D chains of edge-
sharing octahedra (Figure 12a) and has a reported transition
metal-deficient structure with Mn(II) cations, NagMnClg.*"%>
Na,MnCl, was thus synthesized following a similar mecha-
nochemical synthetic route, and its electrochemical reactivity
was tested in a high concentration of Na-ion electrolyte
containing a 0.5:1 molar ratio of NaFSI:DME. Figure 12b
shows the galvanostatic cycling performance of Na,MnCl, at a
rate of C/10 and at 55 °C. During the first cycle, we observed a
reversible low polarization plateau when limited to 1 e /fu.
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The total potential hysteresis between discharge and charge
was 0.26 V, which is lower than that of Li,CoCl,. The
electrochemical behavior observed for Na,MnCl, is character-
istic of the displacement reaction, thus validating the proposed
criteria for both Na-ion and Li-ion containing A,MCI, phases
and showing that these can be used to design novel halide-
based materials reacting with either Li or Na following a
reversible, low polarization displacement reaction. However,
limited stability was observed upon cycling, calling for a deeper
analysis of the dissolution mechanism in Na-based highly
concentrated electrolytes and the electrochemical stability
window of the high-concentration Na-ion electrolytes.

4. CONCLUSIONS

In this work, we investigated for the first time the
electrochemical reactivity of ternary transition-metal chlorides
with AyMCl, stoichiometry using liquid electrolytes. By using
high-concentration electrolytes, we demonstrate that the
dissolution of halide compounds is suppressed, allowing for
studying their reactivity with lithium. By comparing the
galvanostatic cycling behavior of 4 compounds (Li,MCl,; M =
Cr, Mn, Fe, Co) in 5 M LiFSI in DMC, we found, to no
surprise, that they all undergo a conversion reaction when
reacting with 2 Li* and 2 e”. However, Li,CoCl, displays a
significantly lower polarization between the reduction and
oxidation reactions compared to the other compounds when
reduction was limited to 1 e”/fu., indicating a different
reaction mechanism than conversion. During the low polar-
ization plateau, cobalt nanoparticles are formed, as confirmed
by in situ XRD, ex situ XPS, and ex situ STEM/EDS. While
this could indicate a conversion reaction, results from ex situ
EDS provide evidence of the formation of the LisCoClg
intermediate, consistent with the thermodynamically favorable
path predicted by DFT calculations for a displacement
reaction. Unlike a conversion reaction for which bonds are
broken and reformed during the reaction, the displacement
reaction is a topotactic reaction that shows a low polarization
during galvanostatic cycling when the cationic diffusion is
assisted by temperature. By comparing Li,CoCl, to the Cr,
Mn, and Fe-containing compounds, we determined that
ternary alkali transition-metal chlorides must meet the
following criteria to undergo an electrochemical displacement
reaction: (1) contain 1D chains of edge-sharing octahedra to
favor electronic delocalization and (2) have an available
transition metal-deficient phase, such as the AGMClg
intermediate. We further validated the universality of these
design criteria by screening several compounds. Doing so, we
demonstrated that Na,MnCl,, which fulfills all of these criteria,
undergoes a reversible electrochemical reaction characterized
by a low polarization reduction reaction similar to Li,CoCl,.
This outcome reveals that the structure—reactivity relation-
ships developed in this study apply to Li-ion and Na-ion
systems. Overall, this work sheds light on a new family of
electrochemically active alkali transition-metal chlorides and
reveals the underlying structural factors that lead to a low
polarization displacement reaction in chloride compounds.
This work motivates further studies to determine whether
these structure—reactivity relationships can be extended to
compounds with oxide, sulfide, and fluoride ligands containing
1D structural features. Moreover, the similar anion lattices of
pristine and intermediate phases are advantageous for
reversible, topotactic reactions; however, they present
challenges in characterizing the structural evolution of

materials during reaction with lithium. Thus, characterization
of the ternary chlorides and other compounds is required using
advanced techniques such as operando synchrotron X-ray
diffraction with a variable temperature stage and electron
diffraction analyzed using a charge-flipping method similar to
what has been done for the FeFj system,”’ provided that the
phases can be stabilized, to definitively observe intermediate
structures formed during topotactic electrochemical displace-
ment reactions.
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