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ABSTRACT: Exploring and tailoring new high energy density positive electrode materials is still a challenge for alkali-ion batteries.
In this work we synthesized the mixed anion phases KVPO4F1,0,(y =0, 0.25, 0.5, 0.75, 1) and determined their crystallographic and
electronic structures by combining synchrotron X-ray diffraction, X-ray absorption spectroscopy at vanadium K edge and *'P MAS-
NMR coupled with density functional theory calculations. These experiments confirmed the substitution of F- for O* anions occurs
as a solid solution across the whole composition domain. The local environments of vanadium ions are complex and diverse since
the cis and trans octahedra undergo different distortions in presence of a vanadyl bond. The simultaneous existence of ionic V!!-F
bonds and covalent (VIY=0)*" vanadyl type entities is strongly affecting the electrochemical properties and potassium deinsertion/in-
sertion mechanisms upon cycling. Ultimately, KVPO4Fo500.5 appears as a promising positive electrode material due to its high ca-
pacity (105 mAh-g!), working potential (4.2 V vs K*/K) and sloping electrochemical curve.

= INTRODUCTION

K-ion batteries (KIBs) have been developed as future candidates for large scale and low cost energy storage thanks to the high
abundance of potassium, the low electrochemical potential of K*/K and the possible use of graphite as negative electrode.!” Among
all the positive electrode materials for KIBs, potassium vanadium phosphate fluoride (KVPO4F) and oxide (KVOPO4) are the most
promising ones.>* These materials possess a theoretical capacity of 131 mAh-g! and average voltage of 4.3 V vs K'/K, corresponding
to a theoretical energy density of 560 Wh-kg!, which is comparable to commercial LiFePOs-based Li-ion batteries.

KVPO4F and KVOPOs crystallize in the KTiOPO4 (KTP) type structure (Figure 1) and can be described by the general formula
KVPO4X (X = O, F).>’ The structure is built from corrugated chains made of corner-sharing VO4X> octahedra connected together by
phosphate groups. Two different octahedral sites exist for vanadium, where the two anionic sites X in VO4X> octahedra alternate the
cis and trans positions (Figure 1). In KVPO4F, the octahedra along the chains are connected through fluorine anions, whereas in
KVYOPOu, they are connected though oxygen anions involved in highly covalent vanadyl-type {V=0}?" bonds. Potassium ions are
also localized on two distinct sites with eight- and nine-fold coordination for K1 and K2 sites, respectively. Both sites are alternating
along a helical diffusion channel that is collinear to the [001] direction. This KTP type structure is considered to be one of the most
inductive with a record high redox potential of 3.6 V vs K*/K for the Ti"V/Ti"™ redox couple in KTiPO4F.%’

Many recent studies have shown that the anionic stoichiometry in vanadium phosphate materials, such as LiVPO4F1.,0, and
NazV2(PO4)2F3.2,02 (0 <y < 1), has a great impact on their structure and electrochemical behaviour.® !¢ In the very first studies of
KVPO.F, some discrepancies were found concerning the cell parameters reported for this composition.>* Kim et al. later reported the
importance of controlling the fluorine stoichiometry and proposed that the inconsistency observed in the literature was due to mixed
F/O* anionic compositions.!” These authors have indeed compared KVPOSF to a partially substituted composition, KVPO4Fo.6400.3,
and revealed a discharge capacity lowered by 15 mAh-g"' and a smoother voltage curve for the latter. Nevertheless, it remains unclear



whether a solid solution for KVPO4F1,0, can exist in the whole range of 0 <y < 1. Furthermore, the effects of oxygen substitution
on the structural and electrochemical properties of KVPO4F in batteries have not been fully explored yet.

Figure 1: Crystal structure of KVPO4F, built from undulating chains alternating V(1)O4F2 and V(2)OsF2 octahedra held together by
phosphate tetrahedra. The chains are running along the [011] and [0-11] directions. The VO4F2 octahedra, where the F ligands oc-
cupy the cis and trans positions are depicted as dark and light green, respectively.

To obtain an insightful understanding on the effects of fluorine-oxygen substitution in the KVOPOs+—KVPO4F system, a series of
mixed anionic compositions KVPO4F1,0y (y = 0, 0.25, 0.5, 0.75, 1) was synthesized and their “composition—structure—properties”
relationship was investigated in detail. Here, we will provide a thorough description of the short and long range structures of
KVPO4F1,0y in the whole compositional range, including the characterization of the distribution of vanadyl-type environments and
the evolution of the electrochemical properties and performance in potassium batteries.

= EXPERIMENTAL AND THEORETICAL APPROACH

Material synthesis. The KVPO4F 1,0, (y =0, 0.25, 0.5, 0.75, 1) samples were synthesized by solid state reaction of KF (Alfa Aesar),
K2COs (Sigma-Aldrich, 99%), VPOs and VOPO4 powders. The synthesis procedure for the two vanadium precursors, VPO4 and
VOPOy, consisted in first mixing NH4H2PO4 (98 % Sigma-Aldrich) and V20s (99.6 %, Sigma-Aldrich). The mixture of powders was
then heated at 800°C for 10 hours under Ar/Hz atmosphere to obtain VPOas, which in turn was oxidized in air at 750°C for 5 hours to
form VOPOa. The quantities of V"PO4 and VYOPO4 were balanced so that the average oxidation state of vanadium in KVPO4F 1,0,
was equal to (3+y). The precursors were weighted in an argon-filled glovebox with a 3 wt.% excess of KF to compensate the sticking
and the loss of the material during the 45 minutes ball milling process. After mixing, the materials were pelletized (diameter 13 mm,
5t), and placed in a gold crucible. For y = 0.25, 0.5, 0.75, the thermal treatment was performed under argon atmosphere at 650°C for
6 hours. For KVOPOs, a higher calcination temperature of 750°C was required. For KVPOF (y = 0), drastic precautions were taken
to avoid any partial oxidation by oxygen traces: the pellet was thus placed in a sealed gold tube under argon (< 0.1 ppm H20/02) and
calcination was performed at 650°C for 6 hours. A continuous colour transition from green to brown going through violet is observed
when moving from KVPO4F to KVOPO4 (Figure S1).

Scanning electron microscopy (SEM) pictures of the powders were taken with a JEOL JSM 6700F field emission gun microscope
with accelerating voltage of 15 kV. The materials were coated with 2 nm Pt to ensure charge drain.

Fourier transformed infrared spectroscopy (FTIR) data was acquired with a Bruker Equinox 55 spectrometer with a 4 cm™ reso-
lution in the 400-4000 cm™ range. The samples were diluted in dried KBr.

Synchrotron X-Ray powder diffraction (SXRD) was performed at A = 0.61908 A on BL04-MSPD beamline of ALBA synchrotron
(Barcelona, Spain). Data was collected with the position sensitive detector MYTHEN, in Debye-Scherrer geometry, in the 1° to 80°
20 range with effective bin step of 0.006°. The diffractograms were refined with the JANA2006 program using a semi-rigid body
method.'® The P-O bond length was constrained to 1.545+0.025 A and the atomic displacement parameters were refined together for
1) the two phosphorus sites, ii) the eight oxygen sites belonging to phosphate groups, and iii) the two bridging sites X(1) and X(2) (X
=0, F). The compound KVPO4F500.5 was refined with anistropic displacement parameters for X and V sites. In the case of partially
substituted materials, the X(1) and X(2) sites were refined as fully occupied by fluorine since F- and O* both have the electron
configuration of [He] 2s? 2p°, thus possessing similar X-ray scattering factors. The standard uncertainties were corrected by the Bérar-
Lelann factors'® with values ranging from 3 to 5. The K sites splitting reported in some previous works>!” was neglected since it was
not observed in the Fourier difference maps. Crystal structures were visualized with VESTA 2

X-ray absorption spectroscopy (XAS) was performed in transmission mode at the vanadium K-edge (5465 V) at ROCK beamline?!
of Synchrotron SOLEIL (Saint-Aubin, France). A vanadium foil was used as the reference for energy calibration. The quick-EXAFS
monochromator Si (111) was set at an oscillating frequency of 2 Hz. The samples were prepared by pelletizing a mixture of active



material (5.5 mg) and cellulose (35 mg) to form a 13 mm diameter disk with 4.1 mg-cm™ mass loading (active material). For each
sample, 1200 quick-XAS data were averaged over 10 minutes acquisition time. Data treatment was carried out using the DEMETER
software package.”? EXAFS oscillations were k° weighted and sine window (dk = 0) was applied from 3.75 to 12.2 A™! for the forward
Fourier transform. Fitting was performed in the R range from 1 to 2.15 A with a sine window (dR = 0) as well for the backward
Fourier transform. The EXAFS parameters So> was set to 1 and Eo was defined by the edge position at absorbance of 0.8 as already
reported for similar XAS study.’

X-ray Raman spectroscopy (XRS) data were collected at the ID20 beamline of the ESRF (Grenoble, France). The pink beam from
four U26 undulators was monochromatized to an incident energy of 9 683.7 eV, using a cryogenically cooled Si(111) monochromator
and focused to a spot size of approximately 30 um % 30 um (V x H) at the sample position using a mirror system in Kirkpatrick-Baez
geometry. XRS is an inelastic X-ray process, in which a high energy X-ray photon excites a core electron to an unoccupied state. The
process is, in principle, analogous to X-ray Absorption (XAS), but the energy transfer to the outgoing photon plays the role of the X-
ray photon energy absorbed in XAS. The large solid angle spectrometer at ID20 was used to collect XRS data with 36 spherically
bent Si(660) crystal analysers. The data were treated with the XRStools program package as described elsewhere.? The sample was
placed into the beam to have a 10° grazing incident beam. All XRS measurements were collected at room temperature. Full range
scans were measured from 510 to 580 eV with a 1 eV step size. After acquisition of the broad scan, several detail scans of specific
edges were collected with a 0.2 eV (fresh samples) or 0.7 eV (reduced samples) step by scanning the incident beam energy to record
energy losses in the vicinity of the V La3-edge and O K-edge (520-590 eV). Acquisition scans lasted around 6-8 h per sample. All
scans were checked for consistency before averaging over them. The overall energy resolution of the XRS spectra was 0.7 eV as
estimated from the full width at half maximum (FWHM) of elastic scattering from a piece of adhesive tape.

3P solid-state nuclear magnetic resonance (NMR) spectroscopy was performed using a Bruker Avance III 100 MHz spectrometer,
equipped with a 2.4 T wide-bore magnet, leading to a Larmor frequency of 40.6 MHz for 3'P. 2.5 mm diameter rotors were filled
with = 15 mg of material and the magic-angle spinning (MAS) frequency was 30 kHz. A Hahn echo sequence was applied with a
1.4 ps 90° pulse and relaxation time of 0.2 s. Chemical shifts were referenced relative to an aqueous H3PO4 85% (Sigma-Aldrich)
solution at 0 ppm.

Density functional theory calculations. First-principles calculations were performed within the density functional theory (DFT)
framework, and the calculations using the projector-augmented wave (PAW) method*** were computed with the Vienna 4b initio
Simulation Package (VASP) code®*?%%°, The structural relaxation and total energy calculation were performed using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional®®. The self-interaction error
of strongly correlated 3d electrons was corrected using the rotationally invariant Dudarev method.’' Different effective Hubbard
corrections were tested for vanadium 3d-electrons, Uerr (U - J) = 0.0, 3.0, 4.0, and 5.0 eV. All calculations were spin-polarized with
ferromagnetic ordering, and performed with a plane-wave cutoff energy of 600 eV and a k-grid of 4 x 4 x 4. The SXRD refined
structures of KVPO4F and KVPO4O were used as inputs for the structural relaxation step.

The Fermi contact shifts were obtained from the computed isotropic hyperfine coupling parameters, as discussed in our previous
works.?>*% The nuclear gyromagnetic ratios (MHz-T-") of the nuclei involved in the calculations were 11.215 (°'V), 17.2538 (*'P),
1.987 (**K), 40.078 (*°F), and 5.775 ("70). The Curie-Weiss temperature of KVOPO4 (Ocw = 16 K) was taken from the literature®,
as well as the molar magnetic susceptibility (1.76 ps) and were consecutively used for the Fermi contact shift calculations. For
KVPOJF, magnetic susceptibility measurement was performed in zero field cooling conditions and the applied field was set to 5000
Oe. The measurement yielded perr=2.68 us and Ocw = 3.5 K. The temperature (T), at which the Fermi contact shifts were calculated,
was chosen to be 320 K, which is the approximate temperature inside the rotor using a spinning frequency of 30 kHz. The 3D charge
density and electronic spin density distribution maps were visualized utilizing VESTA software?.

Battery preparation. Electrodes were prepared using the tape casting method. 80 wt.% of active material were mixed together with
10 wt.% Super P carbon black and 10 wt.% PVDF (Fluka, Mw=534 000 g-mol!) in N-methyl-2-pyrrolidone (Sigma Aldrich, 99%
anhydrous) for 1 hour. The slurry was then casted on a 20 pm aluminium foil and dried overnight at 80°C. 16 mm diameter disks
were cut and pressed under 5 tons. The porosity of the electrodes ranged between 30-32 % and the loading of active material was 2.8-
3.2 mg-cm. After overnight drying of the electrodes at 102 mbar and 80 °C, the cells were assembled in an argon filled glovebox,
using 316L stainless steel coin cell (CR2032 type) components. Two disks of Viledon fiber mat (Freudenberg) were used as the
separator, 50 pL of KPFs (0.8 M) in EC:DEC (volumetric ratio 1:1) electrolyte were added (KPFs , Sigma-Aldrich, >99%; EC,
Sigma-Aldrich, anhydrous, 99%; DEC, Sigma-Aldrich, anhydrous, >99%). Potassium metal (99.95%, Alfa Aesar) was used as coun-
ter-electrode. Standard galvanostatic electrochemical tests were performed at a C/20 nominal current (corresponding to 1 mol of K*
deintercalated in 20 hours). Galvanostatic intermittent titration technique (GITT) was performed at C/50 during the second cycle, in
discharge only with steps of 15 minutes (Ax = 0.005) and relaxation time until dE/dt is inferior to 1 mV-h''. The electrochemical
curves of the second cycle were offset to start at x=1 in order to ignore the large irreversible capacity occurring during the first cycle.



= RESULTS AND DISCUSSION

Structural characterization. The SXRD patterns of KVPO4F1,0, (=0, 0.25, 0.5, 0.75, 1) samples are displayed in Figure 2a. All
of them exhibit the same characteristic peaks, with however noticeable shifts attributed to changes in the cell parameters of
KVPO4F1.,0, as a function of the oxygen content. Crystallites size was retrieved from Scherrer formula. The lowest value of 200 nm
was obtained for the KVPO4Fo5005 material (Figure S2) whereas the end member compounds have crystallite sizes close to 1 um
for KVPO4F or even bigger for KVOPO4. The morphology of each composition was observed with SEM (Figure S3) which unveils
more divided morphology for the intermediate compositions . The presence of impurities, not detected by laboratory X-ray diffraction,
are revealed by SXRD for the oxygen-rich compositions, KVOPO4 and KVPO4F(2500.75, but both remain unmatched to any known
compound. Nevertheless, considering that only small amounts of impurities is detected, these samples are considered as pure enough
for the structural determination by Rietveld refinement. The structure of all KVPO4F1.,0, samples can be described in the orthorhom-
bic system with the Pra2: space group (n°33), and no superstructure peaks are detected in any of the materials.
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Figure 2: a) SXRD pattern of the KVPO4F1.,0, materials. b) Rietveld refinement of the SXRD pattern of KVPOsF500.s. Reliability
factors are x> = 10.2, Rp = 3.7%, Rup = 4.8%.

Figure 2b shows the results of the Rietveld refinement performed for KVPO4Fo.5005. The experimental pattern can be simulated with
a single phase, meaning that there is no segregation into the end member compounds. Similar fit quality was achieved for all five
materials, and the corresponding crystallographic information is given in Figures S4-7 and Tables S1-6. A monotonic decrease of



the cell parameters and the normalized unit cell volumes (V/Z) is observed when moving from KVPOsF to KVOPOs (Figure 3).
Indeed, the replacement of F- by O% anions leads to the formation of the short and covalent vanadyl bonds (VV=0), and hence smaller
cell parameters. FTIR spectroscopy (Figure S8) confirmed the formation of vanadyl bonds with increasing oxygen content as one
can see in the absorption features at 850 and 900 cm™' typical of V=0 stretching modes.’” We suggest the two signals can be attributed
to the vanadyl bonds present either on the V(1) or V(2) sites, where the cis and trans configurations slightly modulates the vibration
frequencies. Moreover, the absence of O—H stretching modes (3500 cm™) confirms that the fluorine-rich compounds are not hydroxyl-
substituted.

a) (50N

“ ° ©J109.04 o

1280 . a

< - 108.5]

o 12751 .

O n @ 1 -

T 10.601 -2 1050

1S " N °

[0 =~ 54

g 1085 = b S

2 10504 . 107.0] *

D 6.40]

o AR S c o
635 * o 106.5
0,00 0.25 0.50 0.75 1.00 0.00 025 0.50 0.75 1.00

y in KVPO,F, 0, yin KVPO,F,. O,

Figure 3: Variation of a) the cell parameters and b) the unit cell volume per formula unit as function of the oxygen content in
KVPO4F1,,0,. The standard uncertainties are smaller than symbol size.

Figure 4a shows the evolution of the interatomic distances between the two vanadium cations and the bridging anions X (X = O, F)
as function of the oxygen content resulting from the Rietveld refinements of the SXRD patterns. In KVPO4F, all bond lengths are
close to 2 A, in good agreement with the typical quasi-symmetric octahedral environments for V. However when fluorine is substi-
tuted by oxygen, shorter and covalent vanadyl bonds are formed simultaneously for both V(1)cis and V(2)uans, ultimately reaching the
value of 1.67 A for the fully substituted end member KVOPO4, as expected for a vanadyl bond.*® At the same time, the antagonist
V(2)uans—X(2) bond increases gradually on the V(2)uans site. The difference in the distortion of the local environment is visualized in
Figure 4b. The V(2)uans local environment can be described by the [1+4+1] coordination, meaning that the ViansO4X2 octahedron can
be decomposed into one short V=X bond, four intermediate V—O bonds in a square plane, and one long V—X bond opposite to the
short one. On the other hand, V(1).is distorts in an unusual way, adopting a [1+5] configuration (one short V—X bond, five intermediate
V—X/O bonds). Contrary to Tavorite LiVOPOs, the shortening due to V=0 bonds in KTP-structure does not always induce an elon-
gation in its opposite position. In the case of partially substituted materials, each bond length V—X determined from the Rietveld
refinement of the XRD patterns is the average of different chemical configurations. This is further supported by the evolution of the
atomic displacement parameters determined for V(1)cs and V(2)uans, as shown in Figure S9. In this specific case, the increase of Biso
of V and K atoms is more due to the distribution of slightly different local environments around these atoms than to a thermal effect.
The refinement of KVPO4Fo5005 was performed with anisotropic displacement parameters. Figure S10 displays the VO4X> chain
with the atomic displacement ellipsoid for V and X sites. It can be seen that the ellipsoids of V are mostly spherical, and that the ones
of X sites are very elongated. This behaviour highlights the fact that the changing in bond length is mostly driven by repositioning of
the X ligands rather than displacement of V within its octahedron. The bond valence sum (BVS) is also calculated and shown to be
in very good agreement with the expected average oxidation state for vanadium (Figure 4b and Figure S11).
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Figure 4: a) Evolution of the V-X bond lengths as function of the oxygen content in KVPO4F1.,0y, X being the bridging ligand
anions (F- or O%) between two successive octahedra along the distorted chains building the KTP type framework; the dotted lines
are used for eye guidance. b) Description of the V(1)cis and V(2)uans octahedra in KVPO4F (y = 0), KVPO4F05005 (v = 0.5) and
KVOPO4 (y = 1). The bond lengths are determined by the Rietveld refinement and the charge on each vanadium is calculated by
BVS.

In order to finely determine vanadium’s oxidation state and local environment, V K-edge XAS was performed on the whole series of
KVPO4F1.,0, samples. The X-ray Absorption Near Edge Structure (XANES) region is presented in Figure 5a. Na;V™(PO4)3 and
NaV™VOPOs are used as references to determine vanadium oxidation state from the position of the absorption edges. The edge position
of KVPO4F1.,0, compositions lies in the range between NazV2(PO4); and NaVOPOs, thus evidencing an average intermediate oxida-
tion state between +3 and +4. The edge position shifts linearly to higher energy with the increase of the oxygen content in
KVPO4F1,0,, (Figure 5), as expected from a nuclear charge screening effect less important for VIV than for V. Moreover, the pre-
edge intensity increases significantly upon oxygen substitution. Indeed, the pre-edge region is very sensitive to V oxidation state and
its local geometry.3**! It features the transitions from vanadium 1s core states to its empty 3d states which are only allowed in the
case of non-centrosymmetric environments, due to metal 3d-4p hybridization. Hence the pre-edge intensity is directly proportional
to the amount of V sites distorted by the formation of vanadyl bonds. In particular, two weak signals typical of VI environments are
observed for KVPO4F at 5467.8 and 5469.4 eV. Besides, the pre-edge of KVOPO4 is characterized by a single intense peak (at 5469.4
eV). For partially substituted materials, the absolute and integrated intensity of the pre-edge evolves linearly with the expected amount
of V=0 entities (Figure S12). Moreover, all the spectra of partially substituted materials could be obtained as linear combination of
the spectra of the two end members KVPO4sF and KVOPOs. As shown in Table 1, a very good agreement with the theoretical values
is obtained, confirming the excellent control of the stoichiometry and revealing similar local structures in the end member compounds
and in the partially substituted phases. XRS was also performed to probe vanadium L»;3-edges as shown in Figure 5b. Because the
Las-edges lie in the soft X-ray energy range, they are usually measured with surface-sensitive techniques (e.g., total electron or
fluorescence yields). With XRS, a high-energy X-ray technique, a large volume of the sample is probed, resulting in an L23-edges
signal representing the bulk of the sample. According to multiplet theory, the energy position and the intensity ratio of the peaks are
diagnostic of the electronic states of the atom involved, which in this case is vanadium. The experimental spectra were compared to
calculated ones performed with the Crispy computer program. The software allows the calculation of core-level spectra using the
semi-empirical multiplet approaches implemented in the Quanty script language for regular metal polyhedra,*** and confirms that
the experimental peaks at 517 and 518 €V are indicative of the presence of V3* and V**. This allows us to exclude the presence of
previously reported V2* from the bulk of KVPOLF as it would imply bulk V** for charge compensation and hence considerably
broaden the signals.*
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Table 1: Results from the linear combination fitting of the XAS spectra of intermediate KVPO4F1.,0, by those of the end members
KVPO4F and KVOPO4

KVPO4F KVOPO4 R factor

(%) (%)

KVPO4F 100 0 -
KVPO4F0.7500.25 72 28 9-10*
KVPO4F0.5000.50 50 50 1-10*
KVPO4F02500.75 23 77 810

KVOPO4 0 100 -

Subsequently, the analysis of the Extended X-ray Absorption Fine Structure (EXAFS) oscillations was performed to retrieve quanti-
tative information on the V(O,F)s local structure. The octahedral environments determined previously by SXRD for the two types of
vanadium, V(1)ds and V(2)uans, were used as starting models to perform the EXAFS fit. Since both are contributing equally (50/50)
to the EXAFS signal, we simplified the possible scattering paths by considering only three different types of bonds, namely regular
V-0/F bonds, short V=0 vanadyl, and long V—O, each of them being associated to a coordination number N fixed accordingly with



its statistical probability. A similar approach was already successfully applied for LiVPO4F1.,0, materials.* However, as the number
of long V—O bond ranges from N=0.5 for KVPO4O to N=0 in the regular KVPOsF compound, we finally considered it as a regular
V-0 bond to avoid parameters correlation leading to unphysical V—O distance values. The structural fitting model thus consisted
in:

- Short V=0 vanadyl bonds that exist for both V(1) and V(2) in oxidized samples, with a probability of y.
- Regular V-O/F bonds that are around 2 A and are weighted by 6-y

Finally, a different Debye-Waller factor was used to take into account the different covalency of the V=0 bonds as compared to V—-O
as well as the possible distribution in V-O/F bond lengths.

The first peak of the magnitude of the Fourier Transform corresponds to the V(O,F)s local environment and it is well described with
the aforementioned structural model, as shown in Figure S13. The resulting bond lengths and Debye-Waller factors are compared in
Table 2. For the two end members, the bond lengths obtained from EXAFS analysis are perfectly consistent with those determined
by XRD, as in both cases the local environments of vanadium atoms correspond to the average description of the vanadium octahedral
sites. On the contrary, for all the intermediate compositions showing a statistical distribution of O and F as bridging anions between
successive octahedra along the chains, the V=0 bond determined from EXAFS fitting is effectively shorter (1.65 A), as expected,
than those reported (1.82 A) in KVPO4Fo5005 by XRD Rietveld refinement. Indeed, that latter is the weighted average between the
ionic bond V—F and the covalent bond V=0. For oxygenated compounds, the Debye-Waller factors corresponding to the V=0 bonds
are significantly lower than those of V—O/F bonds. This result reflects both the strong covalency together with the directionality of
the oxometal vanadyl bond, which determine the higher stiffness of the V=0 bond compared to the V—O/F bond, as well as the larger
distribution of bond distances for the latter contribution. In summary, the description of the local environments of vanadium atoms
in the substituted phases is very consistent with the formation of a solid solution between KVOPO4 and KVPO4F.

Table 2: Refined EXAFS parameters corresponding to the local structure of V(O,F)s octahedra.

Debye-Waller EXAFS agreement Average bond

R
Material Bond N i Factor factor length from XRD
(A) 107 &?) (%) @A)
KVPOIF V-OF 6 201 (1) 510) 03 198 3)
V-OF 575 201() 5803) 1.99 (3)
KVPO4F0.7500.25 0.3
V=0 025  1.64(2) 2(1) 1.89 (1)
V-OF 55 201() 62(5) 1.99 3)
KVPO4F0.5000.50 0.3
V=0 05  1.65(1) 2(1) 1.82 (1)
V-OF 525  201() 74 (5) 2.01 (4)
KVPO4F02500.75 0.2
V=0 075  1.65(1) 2(1) 1.73(1)
V-0 5 2.01(1 8.5(8 2.02 (7
KVOPO4 (0 ® 0.2 )
V=0 1 1.65 (1) 2(1) 1.67 (1)

Solid-state nuclear magnetic resonance spectroscopy. *'P MAS-NMR spectroscopy was performed to obtain insightful information
on the atomic local environments in KVPO4F 1,0, compositions. Figure 6 shows *'P MAS-NMR spectra recorded for the complete
series of compounds. The spectrum of KVPO4F is characterized by two isotropic signals, at 5800 and 4450 ppm. In the case of
KVOPO4, two isotropic signals located at much lower shifts of 1975 and 1000 ppm are observed. Qualitatively, each peak can be
assigned to a specific phosphorus local environment. In the case of KVPO4F, we previously confirmed an oxidation state of +III for
all V ions, corresponding to the d? electronic configuration. Likewise, the oxidation state of +IV in KVOPOu4 corresponds to the d!
configuration. Hence, we could expect a lower spin transfer from V to *'P in the case of KVOPOa. The Rietveld refinement reveal
there exist P(1) and P(2) sites in KTP-structure, the two resonances observed in KVPO4F or KVOPO4 may be assigned to these two
sites. Despite the fact that KTP structure presents as many P(1) and P(2) sites, a noticeable difference in the intensity of integrated
signals can be noticed (19% and 81% of the total integrated signal for KVOPOs, Figure S14). To rationalize this phenomenon, we
measured the spin-spin (T2) relaxation constant for KVOPO4 under MAS by varying the Hahn echo sequence refocalization delay
and then integrating the peak intensities. Figure S15 shows an exponential decrease in the intensity of the 3'P MAS-NMR resonances
as function of the refocalization delay. Based on those measurements, T> relaxation times (under MAS) for signals are extracted. The
T relaxation time of the most shifted signal (2000 ppm) is much shorter than that of the 1000 ppm signal, 40+1 ps vs 154+2 ps,
respectively. Since the refocusing delay (one rotor period synchronized Hahn echo sequence) used for the MAS spectra in Figure 6
is 33.33 ps, which is close to the T2 relaxation time of the most shifted signal, whose signal intensity is much weaker compared to
the second signal. Similar observations were previously reported for LiFePO4-OH and LiFePO4-H20 phases.*

For partially substituted compounds, the spectra are characterized by wide signals in the intermediate range between the end-mem-
bers. Four different regions are identified around 1500, 2500, 3000 and 3500 ppm with variable intensities depending on the O
content. This further assess the existence of a solid solution of F/O* ions in KVPO4F;.yOy.
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Figure 6: Solid state >'P MAS NMR spectra collected for the KVPO4F 1,0, materials.

Consecutively, DFT calculations were performed in order to assign the signals to specific chemical environments as well as to explain
the spin transfer mechanism between vanadium ions and phosphorus sites. The SXRD refined structure of KVPO4F was used as input
model. The cell parameters of KVPO4F optimized by GGA and GGA+U approaches are given in Table S7. Both GGA and GGA+U
approaches are able to reproduce the cell parameters of KVPO4F within the error bar of 1-2%. The V—O/F distances calculated by
GGA and GGA+U show that all V" ions in KVPOJF reside in a symmetric octahedral site (Table S8), which is entirely in agreement
with the structure determined by SXRD and EXAFS. Fermi contact shifts are calculated for the two P sites in KVPO4F, using the
experimental Curie-Weiss temperature and Curie constant for KVPO4F (Figure S16). Whatever the used method, GGA or GGA+U
with different Uerr values, the shift calculated for P(1) is larger than the one calculated for P(2) (Table 3) allowing us to assign the
observed signals as depicted in Figure 6, e.g. 5800 ppm signal to P(1) and 4450 ppm to P(2). Furthermore, the absolute value of the
calculated *'P Fermi contact shift depends strongly on the U.sr applied in the calculation: when a higher Uer value is used, the 3P
signal is less shifted. This tendency has also been observed in our previous studies.’>**4%47 Higher Uer value tends to localize the
unpaired electrons on V sites, reducing the magnitude of the electron spin—nucleus coupling, and thus the 3'P NMR shifts. For Uetr =
4 eV, the experimental *'P NMR shifts of KVPO4F are well reproduced (Table 3), indicating the electron spin distribution and the
magnitude of the nuclear spin—spin coupling in the structure are appropriately described. This Uefr value will further be used to analyze
the electronic structure and spin transfer mechanism.

Table 3: Experimental Fermi contact shifts (in ppm) of *'P nuclei in KVPO4F compared to those computed by the VASP code with
different Uesr values.

GGA GGA+3eV GGA+4eV GGA+5eV Experimental data
P(1) 11500 6840 5830 5040 5800
P(2) 8180 5470 4680 4020 4450
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Figure 7: (a) 3D spin density map showing the electron spin-transfer mechanism from a V™ ion to a neighbouring phosphorus (5 x
10 electron- A2 isosurface value). The map was calculated on the KVPOUF structure relaxed with the GGA+U method (Uer = 4 eV).
The positive and negative electron spins are represented in yellow and blue, respectively. The electron spin density surrounding P
sites in KVPO4F structure looks like two crescents located on two opposite sides of the P. (b) Schematic representation of the spin
transfer mechanism from V'™ to P by the dxy(V™) —p=(O) —sp*(P) orbital hybridization. The x and y axes are chosen arbitrarily and
independent of the crystallographic axes.

In order to gain insightful information on the spin-transfer mechanism between V™ and *'P nuclei, the 3D electron spin density maps
are plotted. The yellow color in Figure 7a indicates the presence of the positive spin (“spin-up”) electrons of V. These electrons
reside mainly in the proximity of vanadium sites, and the homogeneous spin distribution indicates a partial occupation of the tag
orbitals. One of the orbitals in the degenerated tz, level, i.e., dxy, has such an orientation with the O 2p orbital and the P hybridized
sp’ orbital, that it leads to the dxy (V™) —p(O) —sp*(P) interaction (Figure 7b). The electron spins on V" are delocalized over P sites,
leading to a strong Fermi contact interaction. Phosphorus in KVPO4F receives the spin transfer from four surrounding V"', Neverthe-
less, the unique orientation of VO4F2 polyhedra results in a particular form of the spin density on P sites, which looks like two
crescents located on two opposite sides of the P (Figure 7a). The spin-transfer mechanism and the form of the spin density are
identical for P(1) and P(2) sites in KVPOJF; there is, however, a slight difference in the VI"-P distances observed for the two sites.
The experimental SXRD data shows that V'—P(2) distances (2 x 3.23 A, 3.30 A, and 3.33 A) are slightly longer than V"-P(1)
distances (3.21 A, 2 x 3.23 A, and 3.27 A), thus a lower orbital overlap is expected. The electron spin density transferred on the P(2)
nucleus is then lower than the one transferred on P(1), and the corresponding NMR signal is less shifted.

Similar to KVPOA4F, the experimental cell parameters of KVOPO4 are well reproduced by structural relaxation with the GGA and
GGA+U methods at different Uesr values (Table S9). Nevertheless, the V—O distances reproduced with Uer = 0 €V show a broader
dispersion in the values compared to the experimental data or other Uerr values (Table S10). The 3D spin density map reveals a
difference in the degeneracy of the 3d levels of V!V obtained with different Uesr values. In the GGA approach, the electron spin of VIV
is located on all tg orbitals, indicating that dxy, dx-, and dx- levels are quasi-degenerated (Figure 8a). On the other hand, the electron
spin only occupies the dxy orbital in the GGA+U approach, implying that the lift of degeneracy of the t; orbitals (Figure 8b), which
is a consequence of the presence of the short vanadyl bond.*® This observation is entirely in agreement with our previous study
showing the GGA+U approach is required to reproduce the electronic structure of V'V in the Tavorite LiVOPO4.3* It will be thus
further used here to compute the Fermi contact shifts on P(1) and P(2) (Table 4).
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Figure 8: Spin distribution map surrounding a VOs octahedron in KVPO4O calculated by (a) GGA and (b) GGA+U method. An
isosurface value of 9 x 10° electron-A? was used for these plots. The x and y axes used to define the name of the orbital are chosen
arbitrarily.

As the GGA+U method gives a better description of the electronic structure of VIV in KVOPOQs, the Fermi contact shifts will thus be
calculated from the nuclear spin—spin coupling constants obtained from GGA+U. The calculated Fermi contact shifts of P(1) and
P(2) are very different (Table 4), indicating a significant difference in their local electronic structures, despite their similar geometry.
The 3D spin distribution map reveals that P(1) in KVOPOys is surrounded by four VY and the four dxy orbitals containing the electron
spin are pointing towards the oxygens shared between V!V and P (Figure 9a). Therefore, the diy(V"Y) —p=(0) —sp*(P) orbital hybridi-
zation (Figure 7a) can occur, and the electron spin on V' is delocalized over P(1) sites, leading to a highly shifted >'P NMR signal.
The electron spin-transfer mechanisms between vanadium ions and P(1) sites in KVPO4O can be schematized similarly to the one
that occurs in KVPO4F (Figure 9a versus Figure 7a); nevertheless, V" in KVPO4F possesses two unpaired electrons while VIV in
KVOPO; only has one, hence the *'P NMR signal in KVPO4F has a higher Fermi contact shift value. The P(2) site in KVOPOy is
also surrounded by four V'V ions; however, one dxy orbital of the four neighbouring V'V is perpendicular to the V—Ogharing bond, and
the P(2) site receives the electron spin from three V'V only (Figure 9b). In KVOPOs, the electron spin density on P(2) is therefore
lower than P(1), and the *'P NMR signal arising from P(2) is less shifted.

Table 4. Experimental Fermi contact shifts (in ppm) of *'P nuclei in KVOPO4 compared to those computed by the VASP code with
different Uesr values.

GGA GGA+3eV GGA+4eV GGA+5eV Experimental data
P(1) 2170 2950 2700 2490 1975
P(2) 1800 1600 1420 1370 1000

In KVPOJF, the P(1) and P(2) local environments are P(OV'™), with different distances and angles for P(1) and P(2). Upon O-
substitution, the oxygen ions are distributed randomly over the O/F bridging anionic sites, leading to a random formation of V'V and
VI sites. Besides P(OV™)4, new phosphorus local environments are generated, including P(OV™);(OV™Y), P(OVM),(OV™Y),,
P(OV™)(OV™)3;, and P(OV')4. By considering the inequivalence of P(1) and P(2) on one hand, and V(1), V(2) on the other hand,
one can expect eighteen different phosphorus local environments in KVPO4F1,,0, (0 <y < 1), but local modification of distances and
angles can lead to even more possibilities. As we evidenced that for a given oxidation state of V ions, the shifts difference for the two
P sites could be as large as 1350 ppm (V™) and considering that full oxidation shifts the P(1) and P(2) signals by approximately -
3600 ppm (approximately -900 ppm per V*" around P), the signal assignment of the experimental spectra of the intermediate
KVPO4F1.,0, phases is challenging and out of the scope of this study.
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Figure 9. 3D spin density map, calculated on the KVPO4O structure relaxed with the GGA+U method (Uetr= 5 eV), reveals the local
environment and the electron spin transfer between V#* and (a) P(1), and (b) P(2) sites. An isosurface value of 2 x 10 electron-A
was used for these plots. The x and y axes used to define the name of the orbital are chosen arbitrarily. The blue arrows indicate the
spin transfer direction between V** and the shared oxygen atoms.

Electrochemical properties. The electrochemical behaviour of the mixed-anion compounds was evaluated in potassium metal half-
cells and compared to those of the end members KVPO4F and KVOPO.. Figure 10 presents the galvanostatic curves obtained for the
second cycle at a rate of C/20 (i.e., exchange of 1 e or 1 K" in 20 hours) and the corresponding derivative plots. Since the cell
parameters after first discharge were found to be identical to the pristine compound for KVPO4F, denoting fully reversible K* insertion
(Figure S17), the electrochemical curves of the second cycle were offset to start at x=1 in order to ignore the large irreversible
capacity occurring during the first cycle. The electrochemical activity of KVPO4F is identical to that already reported in the literature,
with three successive characteristic sloping domains in the 4 to 4.5 V vs. K'/K voltage range and a very long plateau at 4.9 V with a
total reversible capacity of 105 mAh-g'.!7

For the partially substituted compounds, the plateaus and the potential jump at 4.5 V tend to disappear. Indeed, the electrochemical
signature of KVPO4F0500.5 is completely sloping all over the composition range in potassium, except for a small plateau (~0.1 K*
wide) observed at the beginning of the charge. This supports the existence of a mixed anionic disorder between F- and O* all along
the octahedra chains, which creates a distribution of environments for K and V, KO7:2,F22y and (V! VV},)O4+2,F2.2,, which prevents
the formation of K* - vacancy, V charge orderings, and thus well-defined phase transitions. For all materials, the first cycle has a low
coulombic efficiency limited to 60-70 % (Figure S18), which was already attributed to parasitic reactions involving electrolyte deg-
radation and the formation of an electrode-electrolyte solid interphase.** The increase of the fluorine content in KVPO4F 1,0y (y <
0.5) goes along with an increase of the irreversible capacity in the first cycle. Indeed, as we are working with non-optimized K-
containing electrolytes, electrolyte stability issues are more critical for these F-rich compositions reacting at high voltage.** The
difference in the nature of the surface (fluoride phosphate versus oxyfluoride phosphate) could also play a role in catalysing electrolyte
degradation, but this study which is in progress remains outside the scope of this paper.

For oxygen-rich compounds (y > 0.5), a systematic capacity decrease is observed as a function of the oxygen content from 105
mAh-g! for KVPO4Fo.5005 to only 68 mAh-g' (0.5 K* exchanged) for KVOPOs. The average redox potential between K;VPO4(F,0)
and KosVPO4(F,0) was estimated by averaging the potential of all cathodic and anodic derivative peaks and thus neglecting kinetic
contributions. It was found to be E(V#"*") =4.2 V for KVPO4F and E({V>"*=0}) = 4.35 V for KVOPOs. It is likely that the limited
capacity of the most oxygenated materials arises from this higher redox potential, meaning a full K* de-intercalation would occur
above 5 V vs K'/K.
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Figure 10: a) Galvanostatic curves (2™ cycle) obtained for all materials in K metal half-cells at C/20. b) Corresponding derivative
curves.

The sloping electrochemical curve of KVPO4Fo.500.5 in K metal half-cell associated with high capacity (105 mAh-g') makes it a very
interesting material since its state of charge can be known just by measuring the rest potential (which is not the case for any biphasic
insertion electrode material). For this particular compound, we performed GITT and measured the areal diffusion coefficient during
discharge as shown in Figure 11. The rest thermodynamic potential follows a quasi linear curve with a slope of 1.7 V/K deintercalated, a
very low value compared to potassium layered oxides, 5.6 V/K* for KxMnQ2 for example'® but still considerably higher than
LiVPO4F05005 (0.1 V/Li") and Na3V2(PO4)2F3 (0.25 V/Na") owing to the large ionic radii of K. The KosVPO4F0500.5 composition
can be identified by the small voltage jump at 4.6 V in charge, which appears at lower K™ content in discharge due to high voltage
parasitic reactions that lead to a competitive consumption of the electrons for the irreversible oxidation of the electrolyte and for K*
de-intercalation.

Three different domains can be distinguished from the electrochemical curve and trends in the diffusion coefficient:
- Domain (I) at the beginning of charge is characterized by a 0.1 K" wide plateau.

- Domain (II) features a constant slope curve with a “diffusion coefficient” of 10" cm®-s™! until the KosVPO4sFo500.5 com-
position.

- Domain (III) still presents a solid solution type curve but with a drop by 1 order of magnitude of the diffusion coefficient.
The origin of this phenomenon can be attributed to the fact that the site energy and activation barrier for migration are
different for each potassium site, as calculated by Lian ef al. in KVOPO4 but needs to be evidenced in further work for
KVPO.F and mixed anionic compositions KVPO4F1.,0y.%
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Figure 11: Continuous galvanostatic charge performed at a rate of C/50 followed by a discharge performed in GITT conditions for
KVPO4F0.500.5 (at a rate of C/50, with steps of 15 minutes (Ax = 0.005) and relaxation time until the slope dE/dt is inferior to 1
mV-h).

This study reveals intriguing behaviour of the redox potential as function of the chemical composition. The 230 mV increase from
KVPOF to KVOPOs4 is surprising when drawing the comparison between KVPO4F1,0, on one side and LiVPO4F1,0, and
Na3;V2(PO4)2F3.,0, on the other side. Indeed, for these two latter vanadium oxyfluoride phosphate compounds, the oxidation of
{V*¥=0} to {V>'=0} systematically lies at a lower potential than that of V**~O/F into V**~O/F. Figure 12 summarizes the topology
of VO4X> polyhedra, and their electrochemical potential referenced against the standard hydrogen electrode. One can see strong
similarities in Tavorite and KTP-type structures due to the presence of infinite 1D chains, though the connectivity differs with only
trans type octahedra in LiVPO4F1,,0,. In fully oxygen substituted compounds, the V-V distance and V-X—V bond angles are nearly
the same (contraction of 0.4%, slight opening of angles) as in the fluorine counterpart sample for the case of Tavorite and expands
by 6.3% for Na;V2(PO4)2FO2 bioctahedra, and for both cases the electrochemical potential drops by 100 to 300 mV. However, when
the V-V distances are approximately 3.55 A in KVPO4F, the inequivalent vanadyl distortions occurring for V(1) and V(2) in KVOPO4
leads to alternating short and long V-V distances of 3.33 A and 3.62 A, resembling to a Peierls distortion.

The comparison between the three systems, LiVPO4F1,0y, Na;V2(POs)2F3,0,, and KVPO4F1.,0,, shows that the relative electro-
chemical potential of fluoride phosphate and vanadyl phosphate material cannot be solely interpreted in terms of inductive effect of
fluoride ion and that the crystal structure may actually be a more significant determining factor.
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eau is considered. For KVPO4F and KVOPO4 the potential between KiVPO4(F,0) and KosVPO4(F,0) is considered.

CONCLUSION

This work demonstrates the feasibility of finely controlling the anionic composition in the KVPO4F — KVOPO4 system. First, we
show that at the global long range (SXRD) and local scale (EXAFS) the substituted phases form a solid solution of the two end
members of the series. The F- and O ions are statistically distributed along the X sites and hence no local segregation of fluorine (or
oxygen) rich environments is observed. This is further supported by the study of the electronic structure probed by 3P MAS NMR
spectroscopy. The signals identified for the substituted materials are different from the ones of KVOPO4 and KVPOJF, and we suc-
cessfully identified the spin transfer path responsible for the observed paramagnetic signals. Finally, the electrochemical properties
of the materials show a great diversity. The most disordered phase shows a large capacity (105 mAh-g™!) with a continuous sloping
voltage profile. This behaviour is attributed to the anionic solid solution which multiplies the number of different local environments
for potassium and vanadium ions and hence prevents alkali-vacancy orderings. The redox mechanisms involved during cycling,
especially for mixed valence compounds, remains an open question together with the origin of the voltage increase between the
fluoride and oxide members. Further investigations are being carried out to explain and understand the peculiarities of the KTP
structure with respect to other phosphate (fluoride, oxide) materials.
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