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Xueliang Sun*

Abstract: Insertion-type compounds based on oxides
and sulfides have been widely identified and well-
studied as cathode materials in lithium-ion batteries.
However, halides have rarely been used due to their
high solubility in organic liquid electrolytes. Here, we
reveal the insertion electrochemistry of VX; (X=Cl, Br,
I) by introducing a compatible halide solid-state electro-
lyte with a wide electrochemical stability window. X-ray
absorption near-edge structure analyses reveal a two-
step lithiation process and the structural transition of
typical VCl;. Fast Li* insertion/extraction in the layered
VX, active materials and favorable interface guaranteed
by the compatible electrode-electrolyte design enables
high rate capability and stable operation of all-solid-
state Li-VX; batteries. The findings from this study will
contribute to developing intercalation insertion electro-
chemistry of halide materials and exploring novel
electrode materials in viable energy storage systems. )

Rechargeable Li-ion batteries (LIBs) based on intercalation
chemistry have become a premier technology that can satisfy
the increasing demand for energy storage systems with high
energy density."! The discovery, design, and deep fundamen-
tal understanding of intercalation cathode materials has
played a major role in promoting the development of LIBs
in terms of their performance, safety, and sustainability.
Starting from the study of layered TiS, in the 1970s,” most
intercalation materials with open frameworks have been
well investigated in LIBs and great success has been
achieved with high-voltage layered oxides, such as conven-
tional LiCoO, cathodes. However, compared to oxides and
chalcogenides, the lithiation/delithiation properties of inter-
calation-type metal halides have been rarely investigated.”
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The metal halide families are indeed promising electrode
materials for LIBs. The theoretical capacity of metal halides
can be as high as several hundred mAhg™', due to the
multivalent nature of the metals.'! Moreover, their lithiated
states (Li,MX,) have high lithium-ion conductivities, further
making them attractive.*™* While they exhibit high solubil-
ity in liquid electrolytes, making them difficult to be used in
traditional LIBs. For example, the dissolution of conversion-
type metal halide electrodes (MX,, M: Fe, Cu, Ni, etc., and
X: F, Cl, and Br) in conventional organic liquid electrolytes
and high-temperature molten salt electrolytes has been well
reported.”! Since the active species are involved in the
reactions with the electrolyte component during lithiation/
delithiation, complicated electrochemical behaviour and
poor performance is always an issue.

The compatibility between electrode materials and
electrolytes is one of the main obstacles hindering the
development of LIBs.”” With the discovery of different
electrodes, state-of-the-art electrolytes have been tailored
and developed to meet the specific requirements of the
electrodes. Many new electrolyte systems are designed to
support and facilitate progress in the development of new
battery chemistries. For example, Wang et al. reported a
halogen conversion-intercalation chemistry in graphite en-
abled by water-in-salt electrolytes.”! Zhou et al. promoted
new polyiodide-based chemistry by adopting a designed
hybrid electrolyte composed of a dispersion poly(ethylene
oxide) layer and a blocking Li,sAl,sGe,s(PO,); layer.”)
Both the electrochemical window of the electrolytes and the
stability toward electrode materials play crucial roles in
designing stable electrode-electrolyte interfaces to enable
reliable battery systems. Thus, when seeking appropriate
electrolytes for intercalation-type metal halide electrodes,
halide-based solid-state electrolytes (SSEs) stand out among
the numerous electrolyte systems.['” They possess high ionic
conductivity (not for fluorides),"” good air stability,"” and
deformability."® Remarkably, chloride-based SSEs can also
achieve relatively wide electrochemical stability windows
compared to traditional liquid electrolytes, polymer-based,
or sulfide-based electrolytes. Moreover, as both electrolyte
and electrode materials are based on halides, the electrode-
electrolyte interfacial stability can be achieved in a thermo-
dynamic manner instead of a passivation process.

With consideration of the aforementioned demands and
features, taking VX; as an example, we have successfully
developed a novel lithium intercalation chemistry in layered
halide electrode materials enabled by compatible halide
SSEs. With high ionic conductivities and wide electro-
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chemical stability windows, halide SSEs are the perfect
candidates for VX; electrodes. The problem of the high
solubility of VX; in liquid organic solvents can be com-
pletely eliminated in a solid-state configuration. There are
also no side reactions between VX; electrodes (including the
lithiated species) and halide SSEs. Because of the fast Li*
migration within the VX; layered skeleton and favorable
electorde-electrolyte interface, we have achieved the fab-
rication of all-solid-state Li-VX; batteries with an extremely
high rate, high loading, and stable cycling performance. We
hope that the carefully designed combinations of the
electrode and electrolyte materials will contribute to devel-
oping new intercalation chemistries beyond traditional
oxides and sulfides and discovering novel electrode materi-
als suitable for ASSBs with high energy density and
unparalleled safety.

The redox energies of the V2*/V** couple in layered
VX; (X=V, Br, and I) compounds with the influence of the
anions are illustrated in Figure 1a. The lithiation/delithiaiton
plateaus of the VX; electrode are highly related to the
halide anions and the highest potential is achieved in VCl;
with the most electronegative Cl™. The typical Cl 3p-V 4d
hybridization in VCl; is illustrated in the molecular orbital
energy diagram (Figure 1b), giving the redox potential
around 3 V (vs. Li*/Li) for the V**/V3* couple. Inspired by
these considerations, we first analyzed the structural
chemistry of the V-based chloride components VCl; and
LiVCl;, which illustrates the halogen intercalation chemistry
and the host structure evolution during Li insertion/extrac-
tion. As presented in Figure 1c, layered VX; has the

Communications

Li/Li

VR VI
V243 VB,
V2R VL,

Density of states, N(E)

e
Rw = 3.728% vel,

—— Experimental plot
—— Calculated pattern

- —— Different

S

p —— Background

~ Bra ositions

g | g9 p

=

)

C

O

-

£

101 10RO

4 8 12 16 20 24
20 (degree)

Angewandte

intemationaldition’y) Chemie

common Bil; structure where the hexagonal-closed-packed
(hcp) halide framework with V3" occupies the octahedral
holes. The edge-shared VX, octahedra are stacked in an AB
sequence (Ol-type structure, R-3 space group) along the ¢
direction and there is relatively weak Van der Waals
interaction between the interlayers. VCl; is thermodynami-
cally stable at room temperature and is widely used to
prepare other vanadium complexes. To examine the electro-
chemical application of the VCl; in all-solid-state batteries,
we directly use commercially available polycrystalline pow-
der with bulk and micro-structures (Figure S1). Rietveld
analysis of the synchrotron X-ray diffraction (XRD) pat-
terns confirmed the existence of a pure single phase
(Figure 1e), with space group and lattice parameters that
denote a VCl; structure (JCPDS no. 01-077-0203) from the
database without additional V or Cl vacancy. Theoretically,
the lithiation of layered VCl; involves one-electron transfer
per molecular, with LiVCl; as the fully lithiated species
corresponding to a theoretical capacity of 170 mAhg™.

To gain insights into the insertion chemistry and the
structure of the lithiated species, LiVCl; was synthesized
and analyzed as a theoretical product. The detailed synthesis
process of LiVCl; is provided in the Supporting Information.
The fully lithiated state of LiVCl; possesses the O3 layered
structure with an R-3m space group as presented in Fig-
ure 1d. The Rietveld XRD (Figure 1f, Table S1,2) demon-
strates that both the V and Li sites are located in the center
of Cl6 octahedron. No Li or V atoms in tetrahedral sites
have been found. We also carried out the cation distribution
by refining Li and V on the alkali metal, 3, and transition
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Figure 1. a) The redox energies of the V2* /V** couple with the influence of the anions. b) Molecular orbital energy diagram illustrating the V2* /V**
redox energy in VCl;. Crystal structure of c) VCl; (the layered O1 structure) and d) LiVCl; (the layered O3 structure). e),f) The Rietveld refinement

results of the synchrotron XRD pattern of €) VCl; and f) LiVCl,.
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metal, 3a, sites of the O3 layered structure with the R-3m
space group. In the case of the stoichiometric LiVCly
powder, no occupancy of V on the 3b sites was observed.
Thus, only Li was located on the alkali metal sites.
Compared with the VCl; structure, the fully lithiated state of
LiVCl; reveals the intercalation of Li in the Van der Waals
interlayers, suggesting the potential for good electrochem-
ical performance in a solid-state configuration. Interestingly,
such a fully lithiated state of LiVCl; is different from the
reported deficient spinel-type structure of LiVCl;, which can
be written as (Lig7o00,1)ten.(Lig7V,)oct.CL." Thus, the
theoretical lithiation of VCI; induces stacking-sequence
change from O1 to O3, which is similar to the classical
layered oxides (Li,CoO,, Li,NiO,, etc.).["

The electrochemical behaviour of VCI; was first eval-
uated in a homemade solid-state cell using a Li;InCly SSE
(morphology shown in Figure S2). The VCl;-LizInCls-C
cathode was prepared by mixing VCl;, Li;InClg, and carbon
black in a weight ratio of 5:5:1 (detailed information in
Figure S3,4). A thin layer of argyrodite Li;PS;Cl SSE was
put between Li;InCls and Li anode to prevent the reduction
of the halide Li;InCly SSE."" The dQ/dV (Figure 2a) and
galvanostatic intermittent titration technique (GITT) meas-
urement curves (Figure 2b) indicate two distinct reaction
processes with two reduction peaks located at 2.96 V and
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2.78 V. The two-step intercalation reactions correspond to
VCL+Li"+e —Li,VCl;, where x is the molar ratio of
lithium ions inserted to VCl;. The VCl;-Li;InCle-C cathode
shows a reversible charge capacity of 162.5mAhg ' at 0.1 C
(1 C=170mAg™"), corresponding to a high capacity utiliza-
tion of 95.6% of the theoretical capacity. Chloride SSEs
play an essential role in this chemistry by providing a stable
interface with the VCl; cathode with no chemical reaction or
electrolyte decomposition (Figure S5,6). Other types of
SSEs such as sulfide LigPS;Cl SSE was also evaluated. The
VC(l; cathode with the LigPSsCl SSE shows a low reversible
capacity of 105 mAhg™' and a fast capacity fade with a
capacity of only 40 mAhg™' remaining after 100 cycles (Fig-
ure S7). The poor cycling stability of the VCl; cathode in the
sulfide system was due to the side reaction between the
sulfide SSE and VCl; cathode as presented in Figure S6. The
quasi-equilibrium potentials presented in the GITT results
are consistent with that in the dQ/dV curves and demon-
strate the low overpotential of the VCl;-Li;InCly-C cathode.
The calculated values of the diffusion coefficients (D;;*) as a
function of capacity are displayed in Figure 2c. The high
Dy;" values in the range of 107 cm?*s™' can be achieved in
the whole discharge/charge process, demonstrating the fast
kinetics of Li* diffusion in the VCl;-Li;InCly-C cathode.
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Figure 2. a) dQ/dV curve of the VCl;-Li;InCl¢-C cathode between the potential of 2.45-3.25 V vs. Li*/Li, obtained at 0.1 C. b) GITT characterization
of the VCl;-LisInCle-C cathode at the 1% cycle (0.1 C). ¢) The diffusion coefficients of the VCl;-LisInCle-C cathode estimated from GITT
measurements. d), ) Distribution of relaxation times (DRT) analysis of the VCl;-Li;InCl¢-C cathode cycled at the 2™ cycle (0.1 C). ) Two-
dimensional intensity colour map of the DRT curves at the whole discharge-charge process. g) Galvanostatic discharge/charge profiles of the VCl,-

Li;InCls-C cathode at the 2™ cycle (0.1 C).
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In situ electrochemical impedance spectroscopy (EIS)
was employed to unravel the resistance evolution of the
ASSLBs. The impedance spectra during the second lithia-
tion/delithiation process in Figure S8 almost remain stable.
Distribution of relaxation time (DRT) analysis was further
carried out to probe the change based on the EIS results
and the corresponding results are shown in Figure 2d-f.
Various processes associated with the cathode and cell
properties can be separated and identified in the DRT plots.
The peak with the fastest processes above 10° Hz is stable
without obvious change in intensity during the whole
lithiation/delithiation process and should be attributed to
the contact impedance between the cathode composites and
the current collectors.'”? The peak with the intermediate
processes is assumed to the charge transfer behaviour at the
interface between the cathode and SSEs."® The peak with
the slowest processes (with the largest relaxation time) is
greatly affected by the lithiation/delithiation states, which is
related to the solid-state diffusion of Li* ions in the cathode
active material.l'”>"! Moreover, Figure 2d—f shows that this
peak slightly changed at the beginning and then greatly
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increases at the end of the lithiation process. Then the peak
intensity decreases sharply once delithiation begins. After-
wards, the peak intensity gradually increases until the
middle of the delithiation process. A similar initial decrease
and then the increasing phenomenon occurred until the fully
delithiated state. The evolution should be due to the
variation of vacancy and Li" content within the Li,VCl,
electrode. Li* diffusion decreases with the decrease of the
vacancy content since more Li" sites are occupied during
lithiation process.

V K-edge and Cl K-edge X-ray absorption near-edge
structure (XANES) spectra of the VCI; cathode at different
discharge/charge states (Figure 3a, al-a7) were recorded to
reveal the intercalation reaction process (Figure 3d,e). The
V K-edge spectra of the commercial VCl; and as-synthesized
LiVCl; are presented as references, with distinct features of
d1-d4 and d5-d9 observed. During the lithiation process,
the XANES spectra features at the al state are similar to
that of the a2 and the features at the a3 and a4 states are
almost the same. A significant change occurs from the a2 to
a3 state, demonstrating the structural transition of the active
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Figure 3. a) Typical discharge/charge curves of VCl;-Li;InCls-C cathode with 7 selected lithation/delithiation states (al-a7). b) Lithiated VCl,
intermediate structure, ¢) LiVCl; structure. d) V K-edge, €) Cl K-edge XANES spectra, and f) V K-edge R space EXAFS spectra of the VCl;-LisInCle-C
cathode collected at the selected lithiation/delithiation state. g) The illustration of the structure evolution of VCl; during lithiation/delthiation.
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cathode material. Such a structure transition is more obvious
reflected from the first shell of V—CI distance as shown in
the V K-edge R space extended X-ray absorption fine
structure (EXAFS) spectra (Figure 3f). The XANES spec-
trum at the fully lithiated state (a4) is the same as the LiVCl,
reference and the shift of the white line from 5478 eV at the
al state to that of 5475 eV at the a4 state demonstrates the
reduction of V** to V** (further confirmed by XPS analysis
in Figure S9). Then the XANES spectra return to the
original state during the re-charge process. The VCl; and
LiV(l; also show distinct features for the Cl K-edge spectra
(Figure 3e, el-e4, and e5-e7). The e5 feature (LiVCl,
structure) appears since the a3 state during lithiation and
disappears once the beginning of delithiation process.
Oppositely, the small pre-edge feature (el) assigned to the
V(l; structure disappears since the a3 state while appears
again during the delithiation process. The dominant white
line (e3 and e6 features) of the Cl K-edge spectra does not
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show much change, indicating that there is no redox reaction
of Cl” involved during cycling. Thus, as illustrated in
Figure 3g, the Ol-type layered structure (Figure 3b) of the
cathode is preserved in region 1 followed by a structural
transition in region 2. Then the O3 layered structure
(Figure 3c) appears and remains until the fully lithiated
state.

Figure 4a,b shows the rate capability of the VCl;-
Li;InCls-C cathode in the halide SSE system, with a high
reversible capacity of 148 mAhg ' achieved at 1 C. Long-
term cycling at higher rates of 3 C, 4 C, and 6 C was further
performed as presented in Figure 4c. The VCl;-Li;InCls-C
cathode exhibits only minor capacity fade, maintaining 84—
85.7 % capacity retention at 3, 4, and 6 C, respectively over
200 cycles. The discharge/charge curves of the cell cycled at
3 C still present two obvious discharge/charge plateaus and a
much smaller polarization than that of higher rates (Fig-
ure 4d). Figure 4e shows differential capacity curves from
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Figure 4. a), d) Discharge/charge capacity as a function of cycle number of the VCl;-Li;InCl¢-C cathode from 0.1 C up to 1 C and b) corresponding
discharge/charge curves at different C rates for VCl,. ¢) Cycling stability of the VCl;-LisInCle-C cathode at 3, 4, and 6 C. The battery schemes show
the battery’s capacity retentions after 200 cycles. d) Discharge/charge curves of the VCl;-Li;InCle-C cathode at 3, 4, and 6 C from 12" to 20" cycles.

e) dQ/dV curves of the VCl;-Li;InCl¢-C cathode at 3 C during cycling.
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cycles 10 to 100 for the same cell at 3 C. Slight changes in
the dQ/dV value and voltage can be observed during cycling.
The minor shifts in peak position (voltage) demonstrate an
increase in resistance over the cycling based on Ohm’s law
and the flatting of the peak’s points to changes in the VCl;-
Li;InCl-C cathode. On the other hand, the lithiation/
delithiation behavior of VBr; in the vanadium tri-halide
family was further investigated (Figure S10,11). Though the
reversible capacity is lower than that of VCl; (the theoretical
capacity of VBr; with one molar Li* insertion is
127.6 mAhg™), the cell with the VBr;-Li3InCli-C cathode
also shows stable cycling performance over 300 cycles. This
further suggests that the halide SSEs are suitable electro-
lytes for layered vanadium tri-halide type insertion cathodes
since they eliminate solubility issues and chemical side
reactions, which otherwise hinder stable cycling perform-
ance.

Given the high ionic conductivity of Li;InClg at low
temperatures (>10"*Scm™ at —25°C), the ASSLBs were
tested at different temperatures from —30 to 60°C (dis-
charge/charge curves shown in Figure 5a). As presented, the
reversible capacities are 167, 162, 117, and 79 mAhg™" at 60,
25, —10, and —30°C, respectively. It should be noted that
the applied current density at 60°C and 25°C is 0.4 C, which
is higher than that of 0.1 C for —10°C and —30°C. The two
discharge/charge plateaus can be maintained when the
temperature is higher than —10°C, while large polarization
is observed when the cell was cycled at —30°C. The large
polarization at low temperatures should be due to the
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reduced charge transfer within the cathode composite.
Furthermore, the temperature has less impact on the cycling
stability of the cells with all the cells exhibiting minor
capacity fade (Figure 5b, S12,13). Generally, high temper-
atures will trigger severe dissolution of electrode materials
(such as sulfur) which possess high solubility in a liquid
electrolyte. Thus, SSEs with appropriate electrochemical
stability windows and good compatibility should be more
suitable for these types of electrode materials. The VCl;
loading was increased to evaluate the performance with high
areal capacities. Figure Sc,d shows the results for high-
loading VCl; ASSBs (25.48 mgem ™ cathode) cycled at
0.2mAcm™ at room temperature. Though the cell shows
higher overpotential under such a high loading, it still
delivers stable capacity retention and high specific capacity (
~3mAhcm™ over 30cycles). Note that the decreased
coulombic efficiency and capacity fade upon cycling should
be mainly caused by the anode instability (Figure S14). In
addition, the good electrochemical performance of active
V(l; is not limited to Li;InCl but also other suitable halide
SSEs such as Li;HoCls as presented in Figure S15-17.
Therefore, halide SSEs with high ionic conductivity and
wide electrochemical stability windows are promising for the
exploring and evaluation of other potential battery interca-
lation compounds. This opens up the possibility of inves-
tigating battery materials with poor compatibility with tradi-
tional liquid or other types of solid electrolytes and
extending their insertion electrochemistry.
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Figure 5. a) Galvanostatic discharge/charge curves at the 2™ cycle and b) cycling performance of the VCl;-Li;InCl-C cathode at different
temperatures. The current density is 0.4 C for 60°C and 25°C and 0.1 C for —10°C. c) Galvanostatic discharge/charge curves and d) cycling

performance of the VCl;-LisInCle-C cathode at 0.2 mAcm ™2 with mass loadings of 25.48 mgem™.
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In summary, a new V>*'/V?" chloride cathode was
identified in a halide-based solid-state electrolyte system. Its
Li* insertion and extraction properties were revealed to
follow a cationic redox mechanism. The chemical stability
between the VCl; cathode and halide electrolyte as well as
the wide electrochemical stability windows of the halide
electrolyte ensures a stable electrode/electrolyte interface
and the highly reversible redox reaction of the VCl; cathode.
The ex situ XANES and EXAFS results revealed the two-
step V**/V** redox couple in VX; during discharge/charge.
Fast reaction kinetics and facile Li* transport were also
achieved as shown by the DRT and GITT results. The all-
solid-state battery exhibited a high reversible capacity,
excellent rate performance, and long cycle life of over
200 cycles with 85 % capacity retention at 6 C. Moreover,
the battery showed good performance at extreme temper-
atures and ultra-high loading up to 25 mgem 2. This work
reveals the outstanding potential of lithium-ion insertion
electrochemistry in layered halides. Furthermore, our study
highlights the significance of the electrode-electrolyte design
when searching for new intercalation cathodes for LIBs.
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