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ABSTRACT:

M-ion batteries (M = Li, Na, K...) positive electrode materials most often operate through the
reversible oxidation of transition metal ions. In complex materials involving many transition metals or
many redox centres, understanding the sequence in which they participate to the reaction is not trivial
but is often necessary to explain the electrochemical properties. Mixed anion vanadium phosphates
such as KVPO,F, 50,5 are known to contain two different redox entities that are V**O,F, and V**OsF
“jonic” entities on one hand and {V**=0}0s and {V*'=0}O,F “covalent” vanadyl type units on the
other hand. However, their participation to the redox mechanism occurring during the charge of this
material has never been studied. Here we use VV K-edge X-ray absorption spectroscopy to unveil the
redox mechanism of KVPO,F..,0, (y = 0, 0.5, 1), performing data analysis via a chemometric
approach. Being XAS very sensitive to the oxidation state and bond length, it was found that the ionic
V**—F units oxidize at a lower potential than the covalent {V*'=O} ones, which is surprising
considering the high electronegativity of fluoride anions, but consistent with the redox potential
observed for KVPO,F and KVOPQ,. Further ab initio calculations and ex situ X-ray diffraction
analyses allowed an atomistic description of the redox mechanism with the sequential oxidation of the
cis V site before the trans V site in KVPO,F upon charge. Finally, the complete atomically-resolved
redox mechanism of KVPO,Fq 50,5 is proposed.



INTRODUCTION

K-ion batteries (KIBs) were introduced as an alternative technology to Li-ion batteries (LIBs) for
which the need in critical metals can be a severe issue."® KIBs can operate with a graphite negative
electrode, contrary to Na-ion batteries, and the electrochemical potential of the K*/K redox couple is
even lower than that of Li and Na (Li: -2.8 V vs. normal hydrogen electrode (NHE), Na: -2.5 V vs.
NHE, K: -2.95 V vs. NHE, in carbonate solvents).*®> As for LIBs, the overall performance at the cell
level is strongly dependant on the energy density of the positive electrode. Prussian blue analogues
K;MFe(CN)g (M = Fe, Mn) and vanadium polyanionic compounds KVPO,X (X = F, O) are among the
most promising cathode materials due to their high theoretical energy density of about 500 to 600
Wh- kg-l.l,6,7

KVPO,F and KVOPQO, have been already reported as high voltage positive electrode materials for K-
ion batteries.>*® Both compounds crystallize in the KTiOPO,-type structure where the three
dimensional framework consists in infinite corrugated chains of vanadium octahedra held by PO,
tetrahedra (Figure 1). In KV**PO,F, vanadium ions are coordinated in either trans or cis VO,F, quasi-
symmetric octahedra, F being the corner sharing atom along the chains. In KV**OPOQ,, the VOs
octahedra are distorted and non-centrosymmetric, resulting in short 1.65 A V=0 bonds and a
noticeable decrease of V-V distances.* Considering the electronic structure, V*B*O,F, in K,VPO,F
and {V5+’4+=O}05 in K,VOPQO, can be seen as two different redox entities with their electrochemical
potential governed by their respective metal-ligand ionocovalency.’> Moreover, to the best of our
knowledge, the effect of the anion configuration (cis or trans) in vanadium phosphate fluoride has
never been reported. The structural mechanism upon K* de-insertion has already been investigated but
there is currently a lack of understanding concerning the charge compensation mechanisms in
KVPO,F and KVOPOQ,.**

cis

Figure 1: Crystal structure of KVPO,4F. The anionic sites bridging vanadium octahedra are selectively
occupied by F"in KVPO,F or randomly occupied by O and F in KVPO,F, 50,5 thus forming infinite
chains of alternating cis and trans vanadium sites.

In the case of Li- or Na-based vanadium (oxide, fluoride) phosphate such as LiVPO4F.,0O, and
NazV2(PO4),F3202 (0 <y < 1), X-ray absorption spectroscopy (XAS) studies revealed that in mixed
anion compounds, the {V**=0}Os vanadyl units oxidize before V**O,F, environments upon
charging.™*** The redox mechanism is surprising given that, in terms of formal oxidation state (i.e. d
electron count), it implies the activation of V**** before V***, and it was even depicted as a “redox
paradox” by Boivin et al. in an earlier work of our group.** However, a good comprehension of the
phenomenon was achieved by referring to the so-called “reversed inductive effect”, where the high
covalency of {V=0} bond increases the anti-bonding character of the V 3d states in {V*'=0}0;
environments compared to that observed for the V 3d states in ionic VO4F, environments in fluorine-



rich compounds, explaining thus the activation of the preferential oxidation of the first V' versus the
second during charge.** In addition, vanadium is prone to unusual redox behaviours such as the
dismutation of V* to V** and V' in Na;V,(PO,),Fs**® as well as noticeable changes in the
coordination geometry such as the transformation of symmetrical V*'Os octahedra in distorted
{V>*=0}0s vanadyl unit upon charge in Na,FeV(PO,);."®

Interestingly, recent investigations of KVPO4F and KVOPO, indicated that the redox potential of
KVOPO,, containing vanadyl bonds, was higher than that of KVPO,F.!* Intermediate compositions
KVPO,F.,,0, (0 <y < 1) are reported but the redox mechanism, to the best of our knowledge, has
never been investigated.* Until now, it is unclear whether the mixed-anion KVPO,Fy.,0, will behave
in the same way as Li- and Na-based vanadium phosphates (i.e., {V**=0}0s oxidizes before VV**O,F»)
or in the reverse way as it could be expected looking at the redox potential of the end-member
compounds. Here, the redox mechanisms of KVPO,F, KVOPQ, as well as KVVPO,4F 50,5 were probed
by operando V K-edge XAS during a full charge/discharge cycle. Using a chemometric approach, we
show how many independent successive mechanisms occur during K* deinsertion and their
corresponding V local environments. Further investigations based on DFT calculations and X-ray
diffraction for partially de-intercalated KosVPO4F provide complementary insightful information,
allowing a full resolution of the redox activity of the two crystallographic V sites (cis and trans).

METHODS AND EXPERIMENTS
Sample preparation

KVPO,F, KVOPO, and KVPO4F,5005 were prepared by solid state high temperature synthesis in
argon atmosphere as previously reported.** After the synthesis, the obtained materials are perfectly
stable and can be handled in air. The diffraction patterns of these three compounds are displayed in
Figure S1 and their morphology revealed by scanning electron microscopy in Figure S2.

The operando experiments were performed using the in situ electrochemical cell designed by Leriche
et al."” The front Be window, where the positive electrode sits, was protected with 6.5 um thin Al foil
(Advent research materials Ltd, 99.5 %). The self-standing electrodes were made of 35 wt.% active
material, 60 wt.% carbon black (Super P) and 5 wt.% PTFE (Sigma-Aldrich) shaped as 13 mm
diameter disks and pressed under 5 tons. The electrode formulation was optimized for allowing XAS
measurements at the V K-edge. The high amount of carbon tends to lower the coulombic efficiency of
the first cycle but the electrochemical activity of KVPO,4F is maintained (Figure S3). The batteries
were cycled at 6.55 mA-g™ which corresponds to a C-rate of C/20. A 3 mm diameter hole was drilled
in the centre of K metal negative electrode to enable the experiment in transmission mode.

Samples for ex situ X-ray diffraction consisted in an active material : carbon black mixture of
70:30 wt.% cycled in a coin cell vs K metal at C/20. The powder was recovered and washed with
dimethyl carbonate (Sigma Aldrich, 99%) to remove residual KPFg salt.

For all electrochemical experiments, the electrolyte was a 0.8 M solution of KPFs (Sigma-Aldrich,
>99%) in a 1:1 volumetric mixture of ethylene carbonate (Sigma-Aldrich, anhydrous, 99%) and
diethylene carbonate (Sigma-Aldrich, anhydrous, 99%). Viledon fiber mat (Freudenberg) was used as
separator between the positive electrode and negative K metal (Alfa Aesar, 99.95%) and the
electrochemical cells were assembled in a glovebox under argon atmosphere.

X-ray absorption spectroscopy (XAS)

V K-edge XAS was performed in transmission geometry at the ROCK beamline, Synchrotron
SOLEIL (Saint-Aubin, France). A vanadium metal foil was used as the reference for energy
calibration of each individual spectrum. The Si (111) Quick-XAS monochromator was set to an
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oscillating frequency of 2 Hz and each final spectrum consisted of a ten minutes average acquisition of
~1 200 individual Quick-XAS spectra. Three electrochemical cells containing the three studied
materials were mounted on a linear translation stage and cycled simultaneously. Each cell was exposed
to the incident X-ray beam for data collection for 10 minutes every 30 minutes. Energy calibration and
normalization were performed with an automatized Python routine developed at the ROCK
beamline."® The Multivariate Curve Resolution — Alternated Least Square (MCR-ALS) algorithm was
applied to analyse each whole XAS datasets collected for the three samples using the MATLAB
toolbox developed by Jaumot et al.®*° The advantages and the methodology of this analytical
approach were previously described in detail by Fehse et al.?* The number of pure components used in
the MCR-ALS analysis was determined for each material by Principal Component Analysis of the
respective XAS dataset. The MCR-ALS pure components were constrained to be non-negative and the
system was considered as closed, meaning that the sum of the pure components was constrained to be
equal to 100 % at all time. The fitting of the Extended X-ray absorption fine structure (EXAFS) signal
resulting from the MCR-ALS pure components was performed using the DEMETER package. The
EXAFS oscillations were fitted in R-space with k, k* and k® weights and a sine window (dk=0) from
3.8 A to 11.4 A" was applied. Only the first coordination shell of V was considered for the fitting and
all figures are displayed with k? weight. The second shell contains contributions from V-V, V-P and
V-K single scattering paths plus multiple scattering paths that could not be successfully disentangled.
The transformation from real space back to g-space was done with a sine window again (dR=0) from 1
to 2.2 A. The EXAFS parameter S3 was set to 1 (value refined from the V foil) and E, was initially
set at absorbance 0.8 before being refined.

Structural analysis

Laboratory powder X-ray diffraction (XRD) was performed on a XPert’ 3 instrument operating with a
Cu Ky source (Ao = 1.5405 A, Ax,, = 1.5443 A). The powder samples were packed in 0.3 mm
borosilicate glass capillaries. The patterns were recorded between 5 and 90° 26 with a step size of
0.008° and acquisition time of at least 14 hours. Rietveld refinements were performed using the
JANA2006 computer program.”? A semi-rigid body restraint was applied to the very covalent
phosphate groups, allowing the P—O distances to vary between 1.535+0.035 A.*® The Bérar-Lelann
correction was applied to standard uncertainties.”* VESTA software was used to visualize the crystal
structures and spin density maps and to calculate the Madelung site potentials.?®

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 Ab initio Simulation Package (VASP) code?**2. 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.* The Hubbard
correction term for vanadium 3d electrons of the KVPO,F system, Ugs (U - J) was set to 4 eV
according to previous work.™ 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 structure refined
from synchrotron powder XRD of KVPO,F reported in an earlier work was used as the input model
before structural relaxation.** For calculations of the electronic structure of cis and trans SrVO,F,
hypothetical crystal structures were modelled in VESTA and subsequently relaxed with cubic
constraint. A single perovskite type unit cell was considered for trans SrVO,F (k-grid of 11 x 11 x 11)
whereas a 2 x 2 x 2 perovskite supercell was used for cis SrVO,F (k-grid of 6 x 6 x 6). The Hubbard
correction term for vanadium 3d electrons, U (U - J) was set to 3 eV. *

RESULTS AND DISCUSSION



V K-edge X-ray absorption spectroscopy

KVOPO, used as a positive electrode material and cycled in the 2.5 — 5 V voltage window (vs. K*/K)
can deliver about 70 mAh-g* reversibly (Figure S4a). The capacity arises from the reversible
exchange of 0.55 K per unit formula and the charge compensation is expected to be ensured by the
oxidation of V* into V°". In the pristine compound, vanadium ions are strongly n-hybridized with one
oxygen atom ({V=0} bond being 1.65 A long) resulting in strongly distorted vanadyl-type
environments. The removal of centro-symmetry causes a strong metal 3d-4p mixing, resulting in an
intense pre-edge peak at 5469.4 eV (Figure S4b). The same feature is shown in other vanadyl
phosphate compounds such as NaVOPO, (used as a reference here) as well as LiVOPO, or
Naz(VO),(PO,),F. The operando XANES spectra collected during the first charge of KVOPQ, are
presented in Figure 2a. The shape of the corresponding electrochemical curve (Figure S4a) is in good
agreement with the already reported ones despite suffering for a large irreversible capacity.** At a first
glance, the edge position shifts to higher energy upon K extraction, which implies the oxidation of
vanadium. Moreover, the pre-edge region is characterized by a very smooth transformation from an
intense initial feature at 5469.4 eV to a second intense feature at higher energy (5470.8 eV). The
remaining contribution at ~5469.4 eV in the last spectrum is consistent with the fact less than one e
per formula unit is exchanged, as the theoretical capacity is not fully achieved. Nevertheless, the pre-
edge region is as intense in the pristine and charged states confirming that {V°>*=0}Os environments
are preserved upon K* extraction. The complete reversibility of the redox process is assessed by the
perfect superposition of the spectra of pristine and fully discharged samples (Figure S4b), despite the
observed large irreversible capacity. The latter observation tends to confirm that the low coulombic
efficiency of the first cycle is due to electrolyte side reactions and not to V dissolution.'®*3¢-38
Indeed, the irreversible capacity is so large that it would be noticed on the XAS spectra if it was due to
V dissolution.® Overall, the evolution of the spectra upon charge is fully consistent with the activation
of {V*"**=0} redox couple.
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Figure 2: Evolution of the XANES spectra collected operando during the first charge of KI//KVOPO,
(@) and K//KVPO,F (b) batteries; a zoom of the pre-edge region is shown in the inset. The
corresponding first electrochemical cycles obtained for KVOPO, (c) and KVPO,F (d) as well as the
concentrations of the respective pure components obtained by the corresponding MCR-ALS analyses.

In the case of K\VPO,F, only 0.81 K™ ions is reversibly exchanged during the first cycle (Figure S5a);
the corresponding charge transfer mechanism is expected to be the activation of the V*”** redox
couple. Again, the main edge shifts towards higher energy (Figure 2b) during the first charge, and the
process is fully reversible (Figure S5b). However, a more complex behaviour is observed in the pre-
edge region. In the pristine state, two main features can be identified at 5467.8 and 5469.3 eV,
separated by 1.5 eV which is the typical value observed in other VV** phosphates.***° In the charged
state, the pre-edge region has a similar structure but is shifted towards higher energies by 1.5 eV and is
slightly more intense.

MCR-ALS analysis was performed on the whole XAS datasets collected for KVPO,F and KVOPQO,
during the full first charge/discharge cycle. In both cases, only two pure components are needed to
express the variance contained in all the individual spectra of the datasets, meaning that the redox
mechanism can be described as a single step oxidation in charge and a single step reduction in
discharge. In this very simple case, the components were numerically reconstructed and are found to
be identical to the pristine and fully charged spectra (Figures S6 and S7). Therefore, all intermediate
spectra collected in the two experiments can be obtained by linear combination of the two respective
pure components (Figure S8). Nevertheless, further insights can be obtained by following the
evolution of the relative concentration of each component throughout the first cycle for both
compounds (Figures 2¢ and 2d). For KVOPQ,, the concentration profiles during charge and
discharge are not linear (as it would be expected for the evolution of the redox reaction at the cathode,
the current being constant) and are slightly asymmetric despite full reversibility (Figure S4b), while
for KVPO,F the concentration profile is very different in charge and discharge. Indeed, in the latter
case, the concentration of the two components shows a nearly linear time dependence during the
discharge, whereas a plateau region is observed in the concentration profile of KVPO,F, above 4.5 V
upon charge, between spectra #30 and #45. This behaviour probably originates from redox side-
reactions of the electrolyte at the positive electrode, which hinders the redox reaction at the cathode
and the corresponding extraction of K* until passivation of the surface of the positive electrode.®
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Figure 3: a) Evolution of the XANES spectra collected operando during the first charge of
K/IKVPO,F, 5005 is shown together with a zoom on the pre-edge region, where a two-step evolution is
observed. b) Corresponding contour plot of the pre-edge region during the first charge.

Operando XAS was also used to follow the operation of a K//KVPO,F,50, 5 battery, and the collected
data were subsequently analysed using the same approach previously described for KVOPO, and
KVPO,F. The electrochemical cycling curve (Figure S9a) features a small plateau at high K* content
and then a quasi-smooth slope up to 5 V, showing little inflexion at 4.6 V upon charge. The V K-edge
XAS spectra corresponding to the first charge (Figure 3) resembles to those already presented for
parent compounds. The similarity of the spectra with those of KVPO4F or KVOPO,4 might lead us to
think, unwisely, that the redox mechanism is simply the average of the respective mechanisms, but a
careful look at the pre-edge reveals more complexity. Indeed, the inset in Figure 3 shows that, upon
charge, the pre-edge evolves in a two-step mechanism. First, the intensity of the feature at 5469.3 eV
increases slightly until spectrum #24 and then decreases in favour of the feature observed at 5470.8
eV, reaching a maximum intensity at the end of charge (spectrum #50, Figure 3b). Based on the
changes observed in the pre-edges upon charge of KVPO,F and KVOPQ,, the first redox activity in
KVPO,F 5005 can be attributed to V**** redox couple and the second one to {V*"**=0}. If we related
this finding to the different chemical environments of vanadium in the substituted compound, it would
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mean that first VO,F, and VOsF (without vanadyl bonds) environments are oxidized and then the
{V*=0}0,F and {V*'=0}Os environments are triggered at higher potential. This observation is
consistent with the redox potential of KVPO4F and KVOPO, reported earlier.

In order to confirm the reaction pathways sketched above for KVPO4Fy50q5, the operando XAS
spectra acquired during the first electrochemical cycle was analysed by MCR-ALS. Unlike KVPO4F
and KVOPQ,, three independent components are needed in the partially substituted compound in order
to form a basis vector set to reconstruct the spectra contained in the XAS dataset (Figure S10). The
concentration profile of the three components during the experiment as well as the pure components
are plotted in Figure 4. Components C1 and C3 can be attributed without any doubt to the pristine and
end of charge spectra, respectively, as reflected by their concentration reaching 100 % at the beginning
of the experiment and at the end of depotassiation, respectively. Component C2 does not correspond to
any of the experimental spectra, meaning that it does not appear “pure” in the dataset. Indeed, the
concentration of C2 at spectrum #24, just halfway through the complete charge, contains about 10% of
the pristine (C1) and 10% of the end of charge (C2) components. This can be explained by the
contribution of local inhomogeneities in the electrode, where slightly different states of charge can be
encountered in the 2000x800 pm? electrode slice probed by the beam.** Hence, C2, which reaches
maximal concentration at around 4.5 V, corresponds to a chemical formula close to KqsV**PO4Fo500s.
Interestingly, the slope of the concentration of C3, reverse and complementary to the disappearance of
C2, is less steep than that of the transformation of C1 to C2. This indicates that an additional redox
process is ongoing during the second oxidation step. Moreover, during the following discharge, C3
vanishes twice as fast as it appears in the charge process. As it was pointed out, side reactions such as
electrolyte oxidation are very common issues in K-ion batteries® *, especially at high potentials in the
first charge cycle; such parasite processes are most probably the cause of such as oxidation reaction.
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XAS experiment, and evolution of the concentration of the three pure component resulting from
MCR-ALS. b) XANES spectra of the three MCR-ALS pure components.

In addition to first insights on the local geometry and the electronic structure of V sites obtained by the
comparison of the XANES spectra, quantitative information on the V-O/F bond-lengths were
extracted by the analysis of the EXAFS signals. Only the EXAFS spectra of the reconstructed
principal components were fitted, as any intermediated EXAFS spectra can be obtained by their linear
combination. The total number of first neighbours was fixed to 6, and two populations of bonds were
considered, namely regular V—O/F and short V=0 bonds. Table 1 summarizes the fitting models and
results for each component. The first peak of the Fourier transform of KVPO,F spectra (Figure S11) is
well described by a symmetric model where the initial average V—O/F bond length is close to 2.01 A
and shrinks to 1.94 A in the charged state. For KVOPO, (Figure S12), the pristine compound is
described by a [5+1] model where the vanadyl bond is initially equal to 1.65 A, and then shortens to
1.62 A upon charge. For the partially F-substituted compound KVPO,F,50qs, the first coordination
shell is described by an average of the two previous models: a weight of 0.5 is set to consider the short
covalent V=0 bond and the remaining 5.5 surrounding atoms depicts both regular V—O and V—F
bonds.™ Finally, the fitting of these EXAFS data (Figure 5) clearly confirms the sequential activation
of both redox couples in KVPO,Fos0¢5, i.e., a combination of the two previously observed
mechanisms. The regular V—O/F bonds slightly shorten during the first step (C1 — C2), followed by
the V=0 bond shortening in the second step (C2 — C3). In all cases, the Debye-Waller factors are
systematically higher for deintercalated compounds compared to the pristine materials, indicating a
larger distribution of local environments, consistently with the multiple oxidation state of vanadium in
these compounds. Overall, the results of EXAFS analysis also support the interpretation of the
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sequential oxidation of first V3*O/F and then {V4+=O} containing environments in KVPO4Fq50¢s.
Unfortunately, XAS cannot distinguish between the V(1).s and V(2)yans Crystallographic sites as their
local structure is very similar, neither by the XANES nor EXAFS region analyses. For a full atomic
description of the redox mechanisms, therefore, the assistance of a complementary approach is
necessary. Hence, the electronic structure of K,VPO4F (x = 0, 0.5, 1) was further investigated by ab
initio calculations together with ex situ X-ray diffraction.
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Figure 5: Fits of the first coordination shell of the EXAFS signals of the three MCR-ALS pure
components obtained from the operando XAS analysis of K,VPO4F;50¢5.

Table 1: Refined EXAFS parameters of each principal component related to the operando XAS
datasets for the K,VPO,F,.,0, (y=0, 0.5, 1) compounds.

R Debye-Waller EXAFS agreement

Compound Component Bond N A Factor factor
) (102 A (%)
KVPO.F Component 1 V-O/F 6 2.01(1) 0.51(3) 0.3
! Component 2 V-O/F 6 1.94(1) 0.95(4) 0.3
V-O/F 5 2.01(1) 0.81(5)
Component 1 0.2
V=0 1 1.65(1) 0.24(6)
KVOPO,
V-O/F 5 1.95(1) 1.4(1)
Component 2 0.4
V=0 1 1.62(1) 0.35(5)
V-O/F 55 2.02(1) 0.46(5)
Component 1 0.2
V=0 0.5 1.65(1) 0.02(2)
V-0O/F 5.5 1.99(3 1.01(4
KVPO,Fy5005 Component 2 3) “) 0.2
V=0 0.5 1.65(1) 0.10(9)
= 55 1.96(1) 1.1(1)
Component 3 0.4
V=0 0.5 1.60(2) 0.2(2)

Electronic structure calculations

To achieve better description of the redox mechanism involving the two crystallographic V sites
(V(1)eis and V(2)grans), We performed GGA+U calculations for the K,VPO,F (x = 0, 0.5, 1) system.
Only the pure fluorine end-member was considered since a similar study already exists in the literature
for KVOPO,.*? Indeed, Lian et al. conducted a full ab initio study of K,VOPO, and demonstrated that
VsOg Oxidizes preferentially up to Ko sVOPO, after which VyansOg 0xidizes to V**. Since our previous
work demonstrated that KVPO.F, 5005 can be described as a solid solution of the KVPO,F—KVOPQO,
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binary system, it is likely that its electrochemical mechanism can be explained through those of its
parent compositions.***? In order to calculate the density of electronic states, the experimental crystal
structure of KVPO,4F was used as the starting model. The Ky5sVPO4F and KoVPO,F structures were
built using the experimental structure of KVPO,F with the following K distribution hypothesis:

- KosVPO4F with only K(1) site occupied and K(2) fully depopulated,;
- KosVPO4F with only K(2) site occupied and K(1) fully depopulated,;
- KosVPO,F with a random K(1) and K(2) site occupation;

- KoVPO,F with fully depopulated K(1) and K(2) sites.

After structural relaxation, the three K, 5VPO,F structures have similar unit cell volumes with less than
1% variation (Table S1). The most stable structure was found with occupied K(2) sites, consistently
with previous results."® The hypothesis with occupied K(1) sites is destabilized by 38 meV/f.u and at
last, the least stable structure is found with both K(2) and K(1) sites occupied (88 meV/f.u.) due to the
stronger coulombic repulsion of close K(1) and K(2) atoms. The total density of states (DOS) and
partial density of states (pDOS) of the two symmetry inequivalent V sites are thus displayed in Figure
6 for KosVPO4F with occupied K(2) sites, and compared with those of KVPO,F and KoVPO,F. In
KVPO,F, the occupied electronic states close to the Fermi level, in the -1 to 0 eV range, have a
predominant metal character corresponding to the 3d ? electrons of the valence band. Interestingly,
V(1).is occupied d states are located just below the Fermi level whereas the ones of V(2)yans are 0.5 eV
lower in energy (Figure 6a). Nevertheless, the shape of isosurface spin density maps is characteristic
of degenerated d,y, dy,, and dy, orbitals forming the ty, level. Considering a rigid band model upon
charge, we expect the oxidation of the V(1) site before that of V(2)yans. When the K(1) site is fully
depopulated, which corresponds to the most stable structure for the composition Ko sVVPO,F, the Fermi
level is now located at the top of V(2)yans d pPDOS (Figure 6b) and V(1)s is oxidized to the +4 state.
The spin density map of the latter site corresponds to a single dy, type orbital (arbitrary choice) which
depicts a lifting of the t,, degeneracy. Note that this charge ordering is not related to the occupancy of
K sites since similar calculations with only occupied K(1) sites or a statistical distribution among K(1)
and K(2) sites all yielded similar results. Lastly, full removal of K* ions is accompanied by the
oxidation of V(2)yans Site to V** as witnessed by spin density maps. Again, the occupied d states of
V(1).s are located at a higher energy than those of V(2)yans, Which tends to confirm that the KTP
structure exhibits a higher redox potential for the trans transition metal site than for the cis site.
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Figure 6: Total DOS and V site selected 3d pDOS of a) KVPO,F, b) KqsVPO4F (K(2) site occupied)
and c) KoVPO,F. The spin density maps of the corresponding V sites are shown below at isosurface
value of 107 spins-A®

Preferential oxidation in KTP structured compounds

Previous experimental work on KTiPO,F* and KFeSO,F* as well as computational work on
KVOPO,,* all of these compounds adopting the KTP-type structure, have also shown that the charge
compensation mechanism is sequential. For KFeSO,F, it was demonstrated by in situ Mdssbauer
spectroscopy that one Fe site is oxidized before the other, with however an uncertain assignment. For
the pristine composition KTiPO,F, Fedotov and co-workers showed by DFT calculations that the
Fermi level was located on top of the electron band having a cis TiO,4F, character, while the electrons
with trans TiO4F, character were located 0.25 eV lower in energy. These findings are similar to the
results just discussed for K,VPO,F (x = 0, 0.5, 1). One could conclude that the cis arrangement of F
ligands is destabilizing the d levels of V and Ti compared to the trans arrangement. However, it fails
to describe the sequential oxidation in KVOPO, since all ligands are oxides. In an attempt to
understand the origin of preferential oxidation in KTP compounds, we tried to disentangle the
electrostatic contribution from the structure and the hybridization effect from the ligands on the
position of the V 3d levels.

Firstly, empirical orbital diagrams for regular cis and trans V**O,F, octahedra were established by
considering the difference in electronegativity of F and O ligands (Figure S13). It results in a
noticeable difference, with the t,, orbital degeneracy slightly raised. For trans VO,F,, the stabilized
dy,, Orbitals are half filled, whereas the destabilized d,, is empty. For cis VO4F,, the stabilized d,;, is
filled and the destabilized d,y,, contain one electron. Thus, in an hypothetical material containing both
environments, removing an electron from the upper levels of the band structure (i.e. with antibonding
Vs 3dyy,y, character) would result in the oxidation of cis site. These electronic considerations were
further confirmed by calculating the V 3d |- and m-projected pDOS of hypothetical perovskite
SrV3*O,F structures with either cis or trans arrangement of fluorine anions (Tables S2 and S3). This
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chemical composition was chosen due to the possibility to arrange O/F anions in trans (single cell is
sufficient) or cis (2x2x2 supercell is necessary) configuration around V** and also because the
tolerance factor is 0.975, i.e., it is a cubic perovskite. Thus, we can monitor the influence of O/F
configuration on the electronic structure in a symmetric crystal structure without any tilt or distortion.
The calculations were performed using GGA+U method with U = 3 eV and the obtained pDOS
(Figure 7) agrees with the empirical orbital diagrams proposed in Figure S13.

cis V*O,F, trans V3*O,F,
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Figure 7: Hypothetical crystal structures of cis and trans SrVO,F together with their
corresponding projected V 3d density of states and schematic band diagram.

Subsequently, the purely electrostatic contribution calculated from the Madelung site potential by
considering formal oxidation states was evaluated with the MADEL program, implemented in the
VESTA software.”® The experimental XRD refined structure of K\VPO,F was used and yielded electric
potential of -33.67 V at the V(1) site and -32.81 V at the V(2)ans Site. Thus, the V 3d levels of the
two sites are not expected to lie at the same energy in KVPO,F with a difference of about 0.86 eV
(Figure 8). To this purely electrostatic effect, one must also consider the superposition of metal-ligand
covalency and hybridization, band structure dispersion and small distortions. Experimentally, the
lower part of the voltage curve of K,VPO,F has an average voltage of 4.2 V vs K'/K whereas the
upper redox activity lies at 4.8 V vs K*/K, corresponding to a stabilization of 0.6 eV for the trans site
compared to cis in the rigid band approximation.
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Figure 8: Schematic diagram of the V 3d energy levels in KVPO,F.

Ex situ X-ray Diffraction

Ex situ XRD refinements were performed on a positive electrode recovered after charging a
K//IKVPO,F battery at 4.6 V vs K'/K (Figure S14), in order to distinguish the cis and trans site
reaction pathways after K* de-intercalation and compare the experimental data with previously
discussed calculations. The resulting XRD pattern was refined with the Rietveld method (Figure 9a)
in the Pna2, space group. The atomic positions and site occupancies are given in Table S4. The
refinement of K sites positions and occupancies yields the composition Kq4,VPO4F where the “K1”
site is fully depopulated and the K2 site is populated at 93 %. The K*-vacancy ordering obtained from
refinement is in very good agreement with the most stable calculated arrangement, corresponding to
the K2 site fully occupied for the Ky5VPO,F composition. Besides, the vanadium local environments
resulting from XRD analysis slightly deviate from pure octahedral symmetry with a more distorted site
for V**. (Table S4). The calculation of their bond valence sum (BVS) yields 3.83 for the cis and 3.00
for the trans V sites. Finally, the bond lengths of the VV**cis site average to 1.94 A, which is in very
good agreement with the 1.94 A average ones refined from EXAFS fitting, while the average bond
length of Vs remains 2.02 A. Overall, these findings confirm the preferential oxidation of the cis site
compared to the trans VO,F».
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Figure 9: a) Rietveld refinement of the material recovered from K//KVPO,F battery charged to 4.6 V
vs K'/K. Ry;=3.12%, Ry,=4.58%, x*=3.08%. b) Crystal structure described in Pna2; space group and
visualisation of the position of K sites.

Discussion

The full redox mechanism of charge compensation during the de-intercalation of K,VPO4Fy50q5 is
inherently very complex due to anion disorder. Indeed, one can count eight different V local
environments depending on the site (V1gs or V244s), and the coordination (V3+O4F2, V¥ O.F,
{V*=0}0s and {V**=0}0,F). Even though it is not possible to disentangle such a complexity only on
the basis of the experimental results, our findings combining these results with a theoretical approach
can help proposing a possible redox mechanism. First, operando XAS shows that the charge transfer
upon K* de-intercalation from K,VPO,F,s00s is first balanced by the oxidation of V** to V** in the
composition range such as 0.5 < x < 1 and then by oxidation of V**=0 to V**=0 for x < 0.5.
Furthermore, this work as well as the one of Lian et. al*® indicate that the V. site is systematically
oxidized before Vs in KVPO,F and KVOPQ,, respectively. Lastly, we can naturally consider V—F

14



bonds to possess a more ionic character than V—O ones such that for a given cis or trans site, and for
V¥ and V*=0, the configuration with the larger number of oxygens should result in lower redox
potential of the oxidized V site. By combining all these considerations, a schematic redox mechanism
is reported in Figure 10, which shows the proposed sequence for the oxidation of the different V
environments. Our model does not take into account the interaction that a given V site has with its two
V neighbours, which would result in 32 different configurations. Consequently, the proposed redox
mechanism should not be perceived as a rigid sequential mechanism but rather as an oxidation
sequence likelihood diagram. This model is in very good agreement with the solid solution-like
electrochemical curve of KVPO4F,50,5 which was previously attributed to structural disorder and can
now be further argued to also originate from a continuum of V states energies in the electronic
structure.

KXVPO4FO.500.5

x=1 x=0.75 x?0.5 x=0.25 x=0
V3‘5+ V3.75+ V4+ V4.25+ V4.5+

© V_ O | [+ o o o o o
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0&8\@80? ¢oo°’3©000?oo¢

O O — o o O o

Bridging O ‘Vanadyl” O

Figure 10: Proposition of a possible full redox mechanism of K,VPO4F;5005. The different vanadium
local environments are arranged according to their lower expected redox potential (left) to the highest

(right).

CONCLUSION

In this study we applied operando V K-edge XAS to probe the redox mechanism of KVPO,F,
KVOPO, and KVPO4F,50q5 used as KIB positive electrode materials. In KVPO,F and KVOPO,, the
de-insertion of K* ions is compensated by the activation of V**** and {V*"**=0} redox couples,
respectively. The qualitative analysis of the XANES spectra and the refinements of the EXAFS
oscillations of KVPO,F,s0,5 highlight the successive activation of V**** below 4.6 V vs K'/K
followed by {V*"*=0} in the high potential region up to 5 V. Furthermore, we experimentally
demonstrate by XRD the sequential oxidation of cis V site before trans V site upon charge in KVPO,F
as predicted by ab initio calculations. This site sequential activation originates from the specificity of
the KTP-type crystal structure which induces a Madelung potential difference close to 1 V between the
V(1)gs and V(2)yans Sites as well as the effect of F ligands configuration on the electronic structure.
The latter was demonstrated on the basis of ab initio calculations of the electronic structures of cis and
trans SrVO,F perovskites. Finally, by combining all the above-mentioned findings, we propose a
description of the macroscopic electrochemical signature by a microscopically resolved redox
mechanism of K,VPO,F;5005 where eight different VV environments oxidize sequentially, thus
explaining the observed solid solution-like electrochemical curve. It would be interesting to compare
the prediction of this site-sequential oxidation in K,VPO,F;,O, with ab initio calculations, where the
effect of K™ and O/F distribution on the electronic structure could be more deeply understood.
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