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1 | INTRODUCTION

There is an ongoing search for novel Li-ion battery cath-
ode materials which possess a high energy density, while
employing more available, cheaper, and less toxic
elements than the conventional Co-based materials.!"!
Li-rich disordered rock salt (DRS) materials are able to
cycle reversibly more than one lithium ion per transition
metal (TM) and are thereby among the most attractive
candidates for this purpose.”>* This category of materials
is characterized by crystalline face-centered cubic rock
salt structures, in which the oxygen and fluorine anions
stack to form a face centered cubic arrangement with the
transition metal and lithium cations randomly occupying
all the octahedral interstitial sites. Substituting some
oxygen atoms by fluorine can trigger a lower oxidation
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Li-rich disordered rock salt (DRS) materials are new promising high-
capacity cathode candidates for Li-ion batteries. DRS structures were ini-
tially assumed to have a completely random cation and anion distribution,
but recent reports suggest that some of these structures can exhibit local
atomic arrangements, or short-range ordering (SRO). Here, we prove the
existence of SRO in the Li-rich DRS material Li,VO,F by employing Raman
spectroscopy supported by density functional theory (DFT) calculations. Our
results suggest that this combination of Raman spectroscopy with computa-
tional tools is useful for SRO estimation in this new class of Li-rich DRS
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state of the TM, leading to higher lithium content, and
consequently to an increased energy density.””! One
example in this class of materials is the Li-rich DRS
Li,VO,F, which was introduced by Chen et al.®! This
fairly novel cathode material features a 1.8 Li" capacity
per TM, corresponding to 420 mAh/g (in comparison
to 280 mAh/g for the standard LiCoO, electrode), at
an average potential of 2.5 V versus Li*/Li. However,
the Li,VO,F cathode has been shown to suffer
from irreversible degradation reactions and fading
capacity.!® In order to mitigate these instabilities, the
structure-dynamic properties of the material during
battery operation must be better elucidated.

Notably, X-ray diffraction (XRD) remains one the
most commonly employed experimental tools for crystal
structure determination of Li-rich materials, with the
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widely agreed assumption that the cations and anions are
randomly distributed on their respective sites in the
structure. However, it is known that although XRD gen-
erally reveals the long-range average crystalline struc-
ture of the material, the short-range order (SRO)
mainly remains hidden in the powder-based diffraction
data analyzed by Rietveld methods. Another diffraction
limitation comes from the fact that F and O have the
same X-ray scattering length and are therefore impossi-
ble to distinguish. It has recently been revealed that a
cation SRO is present in several DRS materials and that
this can have a significant impact on the transport
properties and electrochemical performance.'*3! The
SRO has previously been studied by a combination of
experimental (electron diffraction [ED],"'®! solid state
nuclear magnetic resonance [NMR],'*'3! and 2D
and 3D nanoscale X-ray spectro—microscopy[u]) and
theoretical methods (DFT and molecular dynamics
[MD] simulations). As pointed out in a recent review
by Clément et al,'?' fluorine substituted DRS are
extremely difficult to characterize by classical experi-
mental techniques such as X-ray absorption spectros-
copy (XAS), X-ray, or neutron diffraction, whereas F*°
NMR, in contrast, is emerging as a useful tool to char-
acterize the anion sites in DRS.

Raman spectroscopy is a well-known tool that is
often used to complement XRD when characterizing
the crystalline structure of a material. This is not least
due to the fact that, unlike XRD Rietveld analysis,
Raman spectroscopy is more sensitive to the SRO in a
crystal.'*1%] However, to the best of our knowledge,
there are currently no studies employing Raman spec-
troscopy in order to reveal SRO in Li-rich DRS cath-
odes. Here, we employ Raman spectroscopy, supported
by DFT calculations, for studying the SRO in the
Li,VO,F material, which is a relevant example of both
a cation and anion disordered Li-rich disordered rock
salt structure.

2 | EXPERIMENTAL DETAILS

The Li,VO,F cathode material was synthesized follow-
ing a high energy ball milling procedure as described
elsewhere.[*1®! All steps were either conducted in a
glovebox under argon atmosphere (water and oxygen
levels below 0.1 ppm) or in sealed vials under argon
atmosphere. V,0; (Alfa Aesar, 99.7%), Li,O (Alfa
Aesar, 99.7%), and LiF (Alfa Aesar, 99.9%) were used
as precursor materials.

The chemically delithiated samples of Li,VO,F
were synthesized using Schlenk-line-techniques under
argon atmosphere. For the chemical delithiation, Y2 I,,

1 I,, or 1 Br, in stoichiometric amounts with respect
to Li,VO,F was used, assuming a complete conversion.
Stoichiometric quantities of each halogen were added
to a suspension of Li,VO,F in acetonitrile (Merck,
<10 ppm H,0) and stirred for 1 week at room
temperature to facilitate a homogenous extraction of
Li. Subsequently, the residual Li,VO,F powder was
filtered and washed multiple times with acetonitrile
to remove residual Lil or LiBr, respectively. The
Li-content of the delithiated samples was determined
using an inductively coupled plasma optical emission
spectrometer (ICP-OES), by Medac Ltd. Based on the
ICP-OES results, the Li,VO,F stoichiometry was deter-
mined as follows: Li; ,VO,F for the sample delithiated
with Y2 I,, Li; ;sVO,F for the sample delithiated with
1 I,, and LijgeLi,VO,F for the sample delithiated with
1 Br,.

Raman measurements on the Li,VO,F and Li,VO,F
powders were performed in custom-made air-tight cells
under argon atmosphere. All Raman spectra were mea-
sured under an argon atmosphere utilizing three lasers
with different excitation wavelengths (532, 633, and
784 nm), with a varying laser power and 400 s acquisi-
tion time, using a Renishaw inVia confocal Raman
spectrometer equipped with a CCD camera and Leica
LM optical microscope, utilizing a 50x long focus lens
magnification. A grating of 1,800 lines/mm grove den-
sity has been used for the 532 and 633 nm and 1,200
lines/mm for the 784 nm laser excitation wavelength.
A complete overview of the measurements can be
found in Figures S1-S4.

The DFT calculations presented in this work were
performed using the plane wave basis set and
pseudopotentials code Vienna ab initio simulation
package (VASP).'7"2%l The exchange correlation energy
was described using the Perdew-Burke-Ernzerhof
(PBE?'?2)  functional. We applied a Hubbard
correction of 3.25 eV to the d-electrons of vanadium
using the rotational invariant DFT + U method by
Dudarev et al.?®! Core electrons and the core-valence
electron interactions were described with the
pseudopotential and the projector augmented wave
(PAW) method.**!

All structures were optimized until the maximum
forces on all atoms and the stress in the cell were
below 0.01 eV/A and 0.01 kbar, respectively. In all
simulations, a Gaussian smearing of 0.025 eV for the
electronic states was used. Raman intensities were
obtained using VASP and a python-tool.!*” Vibrational
modes were visually inspected using the Jmol software,
and crystal structures were visualized using VESTA
software.l”®!  peak fitting was performed using
MATLAB.
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3 | RESULTS AND DISCUSSIONS
3.1 | Fully lithiated Li,VO,F

Rietveld refinement of powder neutron and X-ray diffrac-
tion patterns is a commonly used tool to determine the
crystal structure of the target electrode material, includ-
ing the Li-rich DRS materials. Li,VO,F diffraction pat-
terns have been published before**?”! and provide
evidence that it is a face-centered cubic rock salt struc-
ture (space group Fm-3 m), with Li* and V** occupying
4a, and O°~ and F~ occupying 4b Wyckoff sites. It was
originally assumed that both anions and cations are dis-
tributed completely randomly, as depicted in Figure 1la.
However, it is important to keep in mind that the diffrac-
tion patterns provide information on the average long-
range structure, whereas the features arising from local
arrangements can often be lost with conventional diffrac-
tion analysis techniques. Raman spectroscopy can there-
fore be considered a complimentary tool to XRD that
provides additional information on the local structural
symmetries.

Raman normal modes depend on the geometrical
arrangements of ions and can be predicted based on the
crystallographic symmetry and the factor group analysis.
The Bilbao crystallographic server?®! provides nuclear
site analysis based on the space groups and the Wyckoff
sites occupied by ions. From the crystallographic parame-
ters estimated for Li,VO,F, with an assumption that cat-
ions and anions are randomly distributed, the structure
should not possess any Raman active modes. This, how-
ever, is in stark contrast to the experimentally recorded
spectrum, shown in Figure 2. The Raman spectrum
obtained for Li,VO,F possesses two very broad peaks at
around 650 and 800 cm™, whereas the sharp spike at
around 610 cm™" is an artifact attributed to the cosmic
rays hitting the CCD detector. The peak broadness may
result from the disordered nature of the material and also
partly from the presence of an amorphous phase. Nota-
bly, when applying high laser power, the Raman signa-
ture of the compound changes dramatically and
resembles that of LizVO3,[5] Figures S1-S3. This effect is
well known, as unstable materials tend to change their

FIGURE 1
structure representations of (a) Li,VO,F

Schematic crystal (a)

disordered structure with cations and
anions distributed randomly;

(b) Li,VO,F simulated crystal structure
exhibiting local short-order
arrangements; (c) local motive in the
;=0

simulated Li,VO,F structure. Green,
Lit*; red, V3*; yellow, O*7; and blue, F~
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FIGURE 2 Experimental and computed Raman spectra of
Li,VO,F

structures to more thermodynamically favorable configu-
rations when subjected to high laser powers.!*”! Because
many of the DRS materials are metastable,** caution
must be taken in order to avoid laser-induced structural
transformations. The comparison between three distinct
laser excitation wavelengths reveals that the use of the
785-nm laser provides the best resolved Raman spectrum
of Li,VO,F under the maximum permittable laser power,
Figure S4. Thereby, it can be suggested that this could be
due to the electronic resonance effect, that is, that certain
Raman intensities are enhanced when the laser excita-
tion wavelengths approach the energy of electronic tran-
sition of the material.*")

The reason behind the disparity between experimen-
tal results and those predicted by nuclear site analysis
is that the local structural symmetry of Li,VO,F is dif-
ferent from that predicted by mentioned analysis. This
suggests that the experimental Raman signature of
Li,VO,F is an indication of the SRO. The introduction
of distinct local symmetries due to SRO introduces
additional modes activities, which could be both IR and
Raman active. In this case, a more rigorous interpreta-
tion of the spectra can be achieved using theoretical
simulations. We have therefore simulated Raman spec-
tra of a number of Li,VO,F structures using DFT.

(b) ()

) S
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Therefore, a 96 atoms supercell has been used to
describe Li,VO,F. Representative structures were
selected from a set of 64 structures with cations and
anions randomly distributed on their respective sites in
the structure. From this set, the eight most stable struc-
tures were selected, and their Raman spectra were sub-
sequently simulated.

These simulated Li,VO,F structures were character-
ized by a variety of Raman active peaks in the 400 to
800 cm™! wavenumber interval; however, only three
out of eight most stable structures had Raman active
bonds in the wavenumber region at or above 800 cm™.
According to the DFT simulations, these higher
wavenumber peaks are related to a local V-O oscilla-
tor, akin to an embedded molecular stretching vibra-
tional mode within the crystal. Out of three, the
Li,VO,F structure that we consider displays the most
representative simulated Raman spectrum is shown in
Figure 1b, and the corresponding Raman spectrum is
depicted in Figure 2. The experimental Raman spec-
trum was fitted with nine Lorentzian peaks according
to the active Raman modes predicted by DFT, with a
reasonably good match (below 20 cm™') between com-
puted and experimental peaks positions. A perfect
match between the computed and measured Raman
spectra cannot be expected due to several reasons.
First, all exchange-correlation functionals within the
applied DFT framework are approximate and hence
lead to small errors in the calculated energies and
forces. This, in turn, leads to small shifts in the Raman

thermal expansion of the crystal structure is not consid-
ered in the calculations. The lower wavenumber peaks
are associated with Li translational modes and Li-O
vibrations, whereas higher wavenumber peaks primar-
ily are attributed to V-O vibrations. The three Raman
bands at 804, 735, and 696 cm™! can be assigned to V-
O stretching vibrations, whose exact position shifts as a
function of the V and O local environments. For
example, as mentioned, the origin of the highest
wavenumber band at above 804 cm™' is due to the
stretching vibration of a V-O bond, corresponding to a
particular local environment. In this local structural
motive (shown in Figure 1c), oxygen is surrounded by
five lithium neighbors and one vanadium, whereas
vanadium has four oxygen neighbors and two fluorine
neighbors. It is worth mentioning that this special
motive appears at the interphase between a Li-rich and
V-rich region in the structure. Experimental and com-
puted Raman peaks positions and their assignments are
listed in Table S1. Notably, the assigned modes are in
good agreement with results presented in literature
both for the lithium involved modes***! and V-0
stretching modes.!**

The simulated structure of Li,VO,F possesses very
specific local ionic SRO that affects the arrangements of
both the cations (lithium and vanadium) and anions
(oxygen and fluorine). These effects can be seen from the
histograms depicting the anionic and cationic environ-
ments, shown in Figure 3.

For a completely random anion distribution in

spectra, on the order of 10-30 cm™. Second, the Li,VO,F, each cation (independently whether it is Li* or
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V%) will be surrounded by four oxygen and two fluoride
anions on average. In other words, the number of oxygen
neighbors for both Li* and V>* should be two times
higher than the number of fluoride neighbors. However,
for the chosen simulated Li,VO,F configuration, the
number of oxygen neighbors around Li* is only 1.25
times higher than the number of fluorine neighbors,
whereas for V**, the number of oxygen neighbors is three
times higher than the number of fluorine neighbors. It
can be concluded that Li* ions are preferentially sur-
rounded by F~, whereas V>* have more probability to be
surrounded by O*~ rather than F~.

A similar analysis can be done in order to evaluate
the cationic SRO. In a completely random Li,VO,F struc-
ture, each cation, V3 or Li*, should have a total of
12 closest cation neighbors, eight of which are lithium
and four of which are vanadium. That is, each cation will
have two times more Li* neighbors than V** neighbors.
However, the average number of Li* neighbors around
Li* is 2.2 times higher than the number of V**, whereas
for vanadium, this number is 1.6. Therefore, it can be
concluded that the crystal structure possesses V-rich and
Li-rich regions, rather than a uniform random distribu-
tion of cations. It is worth mentioning that other stable
simulated structures (not shown) also exhibited similar
localized anionic and cationic arrangements.

3.2 | Delithiated Li,VO,F

When Li,VO,F is employed as a cathode in a Li-ion bat-
tery, the delithiation or charging occurs according to the
following reaction:

leVOzF — xLi + +xe” + Liz_xVOZF.

Chen et al.l*! have reported an extraction of 1.8 Li* per
TM upon charging, which indicated that a complete
delithiation to LioVO,F is not feasible. This is also in
agreement with the work performed by Whittingham
et al,*! who suggest that a complete delithiation to
VO,F (space group R-3c. No. 167) is unlikely, and instead
the material maintains its original DRS structure during
the incomplete delithiation.*!

Here, the Raman signature of the pure and chemi-
cally delithiated Li,VO,F cathode material has been
analyzed. Electrochemical delithiation would involve pre-
paring the slurry with only 70% w/w of active material
(and 20% w/w carbon black and 10% w/w polyvinylidene
fluoride (PVDF) binder), which in turn would seriously
decrease the quality of the Raman data and complicate
the analysis. The main purpose of the current work is to
understand the Raman spectra of pristine lithiated and

RAMA
SPECTROSCOPY

delithiated Li,VO,F, and therefore, chemical rather than
electrochemical delithiation was chosen. Further, in situ
Raman analysis is also complicated by the nanostruc-
tured morphology of the material, which makes it very
challenging to focus on a single Li,VO,F particle via con-
focal Raman spectroscopy.

Raman spectra of three chemically delithiated
Li,VO,F (with x equal to 1.2, 1.15, and 0.96) samples can
be found in Figure S5. The experimental Raman spec-
trum of fully lithiated Li,VO,F, chemically delithiated
Lip96VO,F, and the simulated spectrum of VO,F are
shown in Figure 4. Because neither chemical nor electro-
chemical delithiation of Li,VO,F lead to a complete
delithiation and formation of VO,F, the experimental
spectrum of this counterpart is not provided.

As expected, the Raman spectrum of Liy o6 VO,F is sig-
nificantly affected by the delithiation. Most notably, the
broad lower wavenumber peak at around 650 cm™" that
was attributed to Li translation modes and Li-O vibra-
tions disappears. On the other hand, the higher
wavenumber peak at around 800 cm™', associated with
several V-O stretching vibrations, remains, whereas
another very broad peak around 870 cm™' evolves. The
simulated VO,F spectrum is characterized by one high
wavenumber peak at 928 cm™' and can only partly con-
tribute to the delithiated Liy ¢¢VO,F spectrum. This result
indicates that Li,VO,F maintains its general structure
upon delithiation and does not undergo any complete
conversion to LiyVO,F, much in agreement with previous
reports.”*33 The new Raman bands centered at 870 cm ™!
could be explained by a combination of the V-O
stretching mode shifts upon delithiation and the charac-
teristic peroxide O-O vibration. The peroxide O-O peak

735 804 870 928

delithiated Liy o VO,F
(exp.)

VO,F (comp.)

Raman intensity

Li,VO,F (exp.)

T T T L]
500 600 700 800 900 1000

Wavenumber/cm’’

FIGURE 4 Experimental Raman spectra of a completely
lithiated and chemically delithiated Li 9sVO,F; computed Raman
spectrum of VO,F
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is expected to appear in the 800-900 cm™' interval and

has earlier been reported at 850 cm™" during charging of
Li-rich rock salt cathodes.***”! The DFT simulations car-
ried out here suggest that the Li,VO,F structure possess a
number of Li-O-Li bonds. Such bonds have been shown
to be crucial for the occurrence of anionic redox
reactions.!®®!

4 | CONCLUSIONS

Local structural symmetries in disordered rock salt
oxyfluoride Li,VO,F were studied by Raman spectros-
copy supplemented by computations using DFT. The
material possesses very specific SRO that are hidden in
the corresponding conventionally analyzed diffraction
patterns. Our DFT calculations suggest that Li,VO,F dis-
plays ordered cation and anion arrangements, as lithium
ions preferentially are surrounded by fluoride anions,
whereas vanadium ions are preferentially surrounded by
oxygens. Furthermore, the cations tend to aggregate with
their own species, that is, lithium and vanadium, respec-
tively, form agglomerations. The Raman spectrum of
chemically delithiated Li,VO,F also shows that the DRS
structure is preserved upon delithiation and presents evi-
dence of possible anionic redox reactions. These results
display that Raman spectroscopy in combination with
DFT calculations is a powerful tool in order to character-
ize ionic short-range order arrangements and thereby to
estimate the anion redox reactions in Li-rich disordered
rock salt materials.
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