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Abstract

The structure of B-Nao33V20a466F033 has been investigated by both theoretical and experimental
methods. It exhibits the same structure as that of the parent bronze B-Nag33V20s. The partial
substitution of oxygen by fluorine has little effect on the average structure and cell parameters, but
the sodium environment changes significantly. Using DFT calculations, we determined the most
stable positions of fluorine atoms in the unit cell. It was found that the partial replacement of oxide
by fluoride takes mainly place in the coordination sphere of Na producing a shortening of the Na-
anion bond lengths. We also analyzed the electronic properties based on density of states and Bader
charge distribution.

The crystallochemical situation of sodium ions in B-Nao.33V20a4.67F0.33 oxyfluoride, detected by both

experimental and computational methods, affects its mobility with respect to the parent oxide. The
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higher ionicity in the Na coordination sphere of B-Nao.33V20a4.67F0.33 is related to a sodium ion diffusion
coefficient, Dnas, that is one order of magnitude lower (1.24 x 1013 cm? s1) than in the case of B-
Nao33V20s (1.13 x 1012 cm? s1).

Electrochemical sodium insertion/deinsertion properties of the oxyfluoride have been also
investigated and are compared to the oxide. Insertion/deinsertion equilibrium potential for the same
formal oxidation state of vanadium increases due to fluorination (for instance reduction of V+*3
occurs at 1.5 V in the oxide and at 1.75 V in the oxyfluoride). However, the capacity of
Nao.33V20467F0.33 at constant current is lower than in the case of B-Nao33V20s5 due to a less adequate
morphology, a lower Dna+, and a lower oxidation state of vanadium owing to the aliovalent O/F

substitution.

Introduction

Sodium-ion batteries are cost-effective alternatives to lithium-ion batteries. Despite its
high abundance, sodium will replace lithium at large scales only if the specific energy significantly
increases to compensate for the lower capacity usually reached with sodium hosts. Nonetheless and
as for lithium-based systems, a 2-electron reversible processes would be desirable to alleviate the
lower capacity of typical sodium hosts.! Vanadium compounds, owing to the variety of oxidation
states of this metal, have attracted high interest and are becoming part of the state-of-the-art.
Multielectron reversible processes have been successfully reached in polyanionic materials such as
VOPO,.%2 Song et al.3 reported that monoclinic NaVOPO; is electrochemically active in the 2.0-4.4V
voltage range with deintercalation/intercalation of 1 Na. More recently, a multielectron process was
enabled by previous insertion of sodium into NaVOPO,. Thus, a specific capacity of 320 mAh g was

reported due to V3*/V*/V>* redox couples in the 0.5-4.3 V voltage range.*
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Another way of improving the performance of electrode materials is to increase the
voltage for a given redox couple by changing the transition metal ligands. Thus, for instance,
substitution of oxygen by the more electronegative fluorine increases reduction potential. This effect
is clearly seen when comparing the reduction potential of Ti**/Ti3* in the oxide LisTisO12 (1.5 V vs.
Li*/Li)® with Li>TiFs (2.8 V vs. Li*/Li).6 The topology and crystal chemistry of fluorides are different from
those of oxides, making other redox couples available for reversible lithium intercalation. Thus,
reversible lithium intercalation in vanadium oxides is frequently related to V>*/V** and V**/V3* redox
couples. However, reversible lithium intercalation with reduction of V3* to V?* is not usual. Fluorides
stabilize lower transition metal oxidation states, making these redox couples available. In such cases,
stabilization of the lower oxidation state offsets the advantage of using the most electronegative
ligand to increase the potential of cathode materials.

Increasing voltage while keeping the proper topology of oxide-type hosts and high
oxidation states is possible by partial substitution of oxygen by fluorine in selected hosts. Such mixed-
anion compounds, called oxyfluorides, are a part of a less explored chemistry if compared to oxides.
An excellent overview on material chemistry and multiple anions has been recently published.” It has
been pointed out that mixed anion chemistry gives new challenges to tune the electronic and atomic
structure of materials and hence both chemical and physical properties. Thus, a variety of ligands
available to replace the most common 02 anion provide many interesting solids that challenge
synthetic inorganic chemistry. Many success cases illustrate the variety of properties and types of
compounds that mixed anions encompasse:” oxynitrides as photocatalytic materials or pigments,
oxyfluorides and oxyhydrides as battery materials, oxychloride as pleochroic materials, etc. Several
effects of mixed anions on electronic and atomic structures have been recently collected by

Kageyama et al.” Among them, the indirect effect of anion substitution on the cation band relates to
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the aforementioned change of intercalation voltage. Therefore, energy storage materials can benefit
from such a rich and unexplored chemistry in two ways: i) by providing new electroactive materials
with modified topologies, connectivity or modified crystal field splitting, and ii) by increasing the
redox potential. An interesting example of the former is layered NasV(POa)2F2.2 It crystallizes in two
different Space Groups. The dimorphs exhibit layered structures that can deintercalate/intercalate 1
Na*/formula based on the oxidation/reduction of V3*at ca. 3.5 V. Interestingly, the capacity retention
is very high (over 1000 cycles) due to the very stable polyanionic framework. An example of the latter
is LiFeSO4F ° that exhibits a redox potential 750 mV higher than the homologous compounds LiFePO4
or Ag>V>06F, 1° whose redox potential vs. Li*/Li is 300 mV higher than for Ag,V4011.1

An interesting success case of mixed anion chemistry regarding the synthesis of new
intercalation materials is VO2F (space group R-3c ). This is due to the high capacity it develops in
lithium half-cells by multielectron processes.? It was synthetized for the first time in our group by
solid state reaction at high temperature and high pressure and later on by mechanochemical
reactions.'® 4 VO,F develops 263 mAh g (1 Li*/f.u.) inthe 3.9 - 2.2 V vs. Li*/Li voltage range, whereas
a deeper discharge to 1V provides a gravimetric capacity of 460 mAh g* (1.75 Li*/f.u.). Interestingly,
it exceeds that of the already commercialized LiCoO> and LiFePO4 cathode materials. Unfortunately,
according to our own unpublished results, the narrow tunnels left by the 3D-framework of VOF do
not allow the intercalation of sodium, and an irreversible reduction of the oxyfluoride is observed
instead.

On the other hand, there are several vanadium oxides that are able to insert sodium
reversibly.’>18 However, the one most investigated for lithium batteries, a-V20s, shows no activity
versus sodium unless tailored to nanosize. In this case, after an irreversible processes in the first

cycle, it delivers a moderate capacity of 100 mAh g upon discharge down to 1.8 V vs. Na*/Na.%®
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Conversely, the high pressure polymorph shows very interesting activity versus sodium, because it
develops a capacity of 147 mAh gt in the 3.6 — 2 V range.?° This capacity, corresponding to 1 Na*/f.u.,
is quite limited when compared to lithium intercalation?! (up to 2 Li*/f.u.) and points to the different
crystal chemistry that different guest ions display in the same hosts, as clearly evidenced for A;TigO13
( A= H, Li or Na) compounds.?>%

In contrast to orthorhombic layered a-V,0s (S.G. Pmmn),?® ?’sodium vanadium bronze B-
Nao.33V20s with the B-type structure crystallizes in the monoclinic system (S.G.A2/m ) within the
range Nao22V20s-Nao4V20s.28 Fig. 1a shows a schematic representation of the structure of B-
Nao.33V20s. The structure consists of zigzag double chains of [V-Os] octahedra that form sheets by
joining corners. These sheets are separated by additional chains of double [V-Os] square pyramids,

giving rise to unidirectional tunnels along the b axis in which the Na ions are located.

Bronze -Na,,,V,0,



https://doi.org/10.1021/acs.inorgchem.0c02117

Accepted version.

Published in Inorganic Chemistry 2020, 59 (22), 16361-16374.
https://doi.org/10.1021/acs.inorgchem.0c02117

Figure 1. a) Side view of the bronze B-Nao.33V20s structure (with unit cell indicated). b) Different types
of vanadium, oxygen and sodium centers are shown. The V, O, and Na atoms are shown as blue, red,

and white-yellow spheres, respectively.

The V-0 arrangement forming the above described three-dimensional framework with
tunnels along the direction [010] is able to allocate different alkali and other monovalent and divalent
metals in some other different sites (M1/M1’ c.n.= 7, M2/M2’ c.n.= 8 and M3/M3’ c.n.= 4).282° In the
case of sodium, it half fills M1/M1’ for the composition Nag33V20s. Full occupancy of M1/M’ positions
would produce too short Na-Na distances. Thus, although full occupancy of the three positions above
mentioned by Na would produce the composition Na;V20s, this composition seems to be difficult to
reach. The first reports on Na intercalation claimed that 1.33 sodium atoms are inserted® in the 3.5
- 1.0 V vs Na*/Na voltage range. Later on, Bach et al.3! investigated the insertion of sodium in the 3.4
- 2.4V vs. Na*/Na voltage range for two different samples, one prepared by solid state reaction and
the other by a sol-gel route. For the latter, the electrochemical insertion of sodium giving Nag.33+xV20s
phases proved to be reversible reaching x = 0.66 (that would correspond to half filling of M1/M1’,
M2/M2’, and M3/M3’ for NaV,0s).3! Interestingly, the authors claimed that “structural anisotropy”
provided by the sol-gel route is the origin of the better electrochemical behavior if compared with
the sample prepared by ceramic route.

Regarding sodium extraction from B-Nao33V.0s, Pereira-Ramos et al. reported that Na
could not be extracted from samples prepared by a sol-gel process.3?> However, a more recent report
claims that when the bronze is prepared by a ceramic, chemical switch route, extraction of sodium is

possible.?3 Interestingly, the extraction of Cu from B-Cuos5V20s produces the B’-V,0s polymorph.3


https://doi.org/10.1021/acs.inorgchem.0c02117

Accepted version.

Published in Inorganic Chemistry 2020, 59 (22), 16361-16374.
https://doi.org/10.1021/acs.inorgchem.0c02117

This demonstrated that B’-V.0s is stable and that reversible insertion of 1 sodium may produce a
very interesting sodium cathode by analogy with lithium.3*

We are presently addressing the synthesis and electrochemical characterization of new
oxyfluorides as sodium intercalation hosts. Also, having in mind possible 2-electron hosts, vanadium
oxides are attractive candidates for substitution of oxygen by fluorine.

Partial replacement of oxygen by fluorine could enable an increase in the insertion voltage of
Nao.33V20s. Galy et al.3> reported the existence of a solid solution with the composition NaxV20s.xFx (X
=0.18-0.33) with the B-bronze structure. Looking for the maximum effect that substitution of oxygen
by fluorine may have on the electrochemical properties, we have investigated the member x = 0.33.
In the present work, we investigate the effect of fluorination on the B-Nag33V20s structure using

computational and diffraction methods, as well as on its electrochemical properties.

Insight into the B- Nap.33V20s bronze structure

The elementary unit cell contains 44 atoms (6 stoichiometric units of V,0s and 2 Na
atoms), as shown in Fig. 1b. The lattice parameters are a = 10.08 A, b =3.61 A, c = 15.41 A and 8=
109.5°. At a sodium stoichiometry of 0.33, there are exactly two sodium atoms per primitive cell. In
this structure, the sodium ions can occupy two closely spaced tunnel positions labelled M1 and M1’,
see Fig. 1b. However, simultaneous full occupation of the two sites is not possible because of the
short interionic distance (~1.90 A). This situation is similar to that found for sodium intercalated TiO>
hollandite.3®

In the crystal structure, vanadyl oxygen atoms, denoted as O(1) and O(1)’ (see Fig. 1b) are

bound to V and V’ by a double bond (along the ¢ direction) with the distances equal to 1.56 and 1.66
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A, respectively. The vanadyl oxygen atoms oriented along the a direction that form bonds of 1.63 A
with V' atoms are denoted as O(1)”. The bridging oxygen atom O(2) connects two V'’ atoms along
the ¢ direction with equal bond distances of 1.79 A. Threefold-coordinated oxygen atoms, denoted
as O(3), have two shorter (1.88 A) bonds and one longer (1.98 A) bond with V atoms along the b
direction. These are denoted as O(3)’ and form bonds with V, V’, and V"’ atoms equal to 1.80, 1.91,
and 2.18 A, respectively. Whereas these denoted as O(3)” form two short (1.88 A) bonds with V"’
atoms and one longer (2.03 A) bond with V’ atoms along the b direction. Fourfold-coordinated oxygen
atoms, denoted as O(4), have two shorter (1.86 A) bonds with V atoms and two longer bonds with V’
(2.41 A) and V” (2.33 A). Every vanadium atom is coordinated to either five (V) or six (V' and V")
oxygen atoms. As a result, eight distinct oxygen and three vanadium atom types can be distinguished

in the bronze B-Nao.33V20s bulk structure. Each of them exhibits different chemical properties.

Methods

Computational details

All of the calculations were performed at the DFT level using the Perdew-Burke-Ernzerhof
(PBE) generalized-gradient approximation3’ to the exchange-correlation function as implemented in
the PWscf3® code. The interaction between the ions and the valence electrons is described by
Vanderbilt ultrasoft pseudopotentials.3® A plane-wave cutoff of 50 Ry was chosen for these
calculations, while the charge density cutoff was set to 500 Ry. To improve the description of the long
range nonlocal correlation effects, which play a crucial role in weak interacting systems such as B-
Nao33V20s, we employed one of the van der Waals semi-empirical dispersion correction (D3)
proposed by S. Grimme.*® This approach (DFT-D3) consists of adding a semiempirical dispersion

potential (a pairwise force field including two terms) to the Kohn-Sham DFT energy. In addition, for
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a better description of the electronic structure of Bronze B-Nao33V20s, we applied the DFT+U
method,*" 42 which allows us to adjust the position of VV 3d electron levels results in the improvement
of the band gap energy. In the present work, we adopted the DFT + U formulation by Dudarev et al.*3
as implemented by Cococcioni and de Gironcoli.** A 6 x 12 x 4 Monkhorst-Pack* mesh was used to
integrate the Brillouin zone. The total energy was minimized using the Hellman—Feynman forces. The
examined systems were fully relaxed until the residual forces on the ions were below 2.5 x 103 eV A-
L, All the calculations were spin polarized.

To calculate the total and projected density of states (DOS), linear tetrahedron smearing was
used. The peak width for broadening was set to 0.05 eV for a better visualization of the plot of the
DOS. The Bader charges*® were calculated using the Bader program?’ for the single point self-
consistent-field calculations of the previously optimized structures using the projector-augmented-
wave (PAW) pseudopotentials*® with 100 Ry and 1000 Ry kinetic energy cut-off for the wave-

functions and charge densities, respectively.

For some V.05 systems, the band gap is correctly estimated for higher values of U, but it
also depends on the applied DFT+U scheme. Note that the position of V 3d electron levels needs to
be adjusted by changing the U value, since the standard DFT methods underestimate the band gap
by 30-40%. This issue was comprehensively discussed by Jovanovic¢ et al.** The authors used Uef = 6
eV (the Dudarev et al.** scheme with the Grimme correction (D2) using Vanderbilt ultrasoft
pseudopotentials included in the PWscf program) for the proper description of the electronic
properties of a-V,0s; therefore, we also decided to take this value for the description of our systems

due to the lack of the proper experimental data.
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All structures and atomic arrangements were prepared by using VESTA>? and XcrySDen>!
programs.
Synthesis

The synthesis of B-Nao33V20s was carried out following the procedure described by
Mukainakano et al.>> Reactants (NaOH and NH4VOs at a 1:6 molar ratio, both from Sigma-Aldrich)
were heated at 600 2C for 5 hours under Ar atmosphere, in a tubular furnace, using a 10 2C/min
heating rate. On the other hand, a fluorinated derivative with the nominal composition PB-
Nao.33V204.67F0.33 was synthetized by a similar ceramic method in which NaF was used as the source
of both sodium and fluoride ions.3> A mixture of NaF, VO», and V»0s (Sigma-Aldrich) in stoichiometric
amounts according to the following reaction
0.33 NaF + 0.66 VO, + 0.66 V205 - Nao.33V20a4.67F0.33
was ground and pressed into pellets. They were placed into a copper tube, sealed under Ar
atmosphere, heated at 450 2C for 12 hours, and allowed to cool. The as-obtained product was
ground, newly pressed, and heated again under the same conditions.
Removal of sodium from both oxide and oxyfluoride was tried by two different methods:
i) Chemical oxidation using NO,BF4 as oxidizing agent following the procedure detailed in ref.3*
Approximately 200 mg of these compounds in a solution of acetonitrile containing 25% excess of
NO2BF4 as the oxidizing agent were stirred and heated under reflux for 24 hours. Once the reaction
was finished, the resulting compound was repeatedly washed with acetonitrile and finally dried. The
whole oxidation process was repeated twice in order to extract the maximum possible sodium
amount.
ii) Electrochemical oxidation. These experiments were performed in Swagelok™ type cells, using

metallic sodium as the anode, stacked with a glass fiber paper separator and a 1M NaClO4 1:1 solution
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of ethylene carbonate (EC) and propylene carbonate (PC) as the electrolyte. The positive electrode
consisted of a composite of the active material (sodium vanadium oxide or oxyfluoride), Super P
Timcal conductive carbon, and PVDF as binder in a 85:10:5 weight ratio. Cells were charged in
potentiostatic mode to 4.2 V vs. Na*/Na and kept at that voltage until the current decayed by four
orders of magnitude (referred to the initial current peak). Afterwards, the electrodes were removed
from the electrochemical cell and washed with EC and N-methyl pyrrolidone (NMP) for further
characterizations. However, due to incomplete oxidation, none of the oxidized samples were finally

used for further characterization.

Structural and chemical characterization

The phase purity and structures of both the oxide and oxyfluoride were studied by
powder X-ray diffraction (PXRD). Nag33V205 bronze was measured in an X’'pert PRO ALPHA 1 model
PANalytical diffractometer in transmission geometry using 0.5 mm rotating capillaries to avoid
surface preferred orientation, which is a commonly observed phenomenon for crystals exhibiting
acicular morphology when mounting samples on a flat-plate in Bragg-Brentano geometry.
Nao.33V204.67F0.33 was measured by means of a Bruker D8 high-resolution diffractometer equipped
with a solid-state position sensitive rapid LynxEye® detector (PSD), using CuKa radiation (A«1 =1.5406
A, Aoz = 1.54439 A). Morphology of both compounds was studied by means of Scanning Electron
Microscopy, using a JEOL JSM-6400 microscope; while sodium content was determined by using
Energy-dispersive X-ray Spectroscopy (EDS) carried out in a JEOL JSM-2100 microscope. In order to
determine the fluorine and oxygen contents in B-Nao33V20a66F033, Wavelength-dispersive
Spectroscopy (WDS) was used in a JEOL Superprobe JXA-8900M microscope.

Electrochemical characterization
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Electrochemical experiments were performed in CR2032 coin cells assembled in an argon
atmosphere. Their configuration was the same as that described for the Swagelok™ type cells. Near-
equilibrium experiments were performed down to two different lower cut-off voltages (2 and 1V vs.
Na*/Na, respectively) using the galvanostatic intermittent titration technique (GITT). A current of
107.2 pA was applied for 60 min to reach a 0.05 incremental change of sodium content, after which
the cell was allowed to relax for 8 h. Galvanostatic discharge-charge experiments were carried out at
a C/20 rate (i.e., the current required to insert 1 Na atom in 20 hours was applied) from OCV down
to either 1 Vor 2 V vs. Na*/Na.

For determination of the sodium diffusion coefficient, Impedance Spectroscopy was used
to obtain the Warburg coefficient, while BET experiments (Micromeritics ASAP 2020 analyzer)
provided the electrode specific area, A. Impedance measurements were carried out in three-
electrode cells at OCV conditions. Sodium disks were placed at both counter and reference
electrodes, whereas either B-Nao33V20s or B-Nao33V20s6sF033 was used as the electroactive
component of the positive electrode. An AC perturbance of 10 mV was applied while the impedance
was recorded in the frequency range of 1 MHz - 1 mHz. Equivalent circuit modelling was made using

the Z-Fit (EC-lab® software).

Results and discussion

Analysis of the X-ray diffraction patterns of samples with nominal content fB-
Nao.33V20sand B-Nao33V204.66F0.33, synthesized as described above, indicate that reflections can be
indexed with the unit cell as described by Wadsley?® and Galy3?, respectively. EDS spectra taken from
crystals showing electron diffraction patterns characteristic of the monoclinic cell of B-Nag33V20s
indicate the presence of fluorine in the oxyfluoride. The O/F ratio of 11.5, determined by WDS, agrees

fairly well with that expected for the nominal composition NaVsO14F. This demonstrates the partial
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fluorination of B-Nao33V20s. Estimated compositions correspond to B-Nao2g1)V20s and f-
Nao.34(1)V20a.67(13)Fo.40(1) Which are close to the nominal ones. For the sake of clarity, we will refer to
them throughout this report using nominal compositions or the names oxide and oxyfluoride,
respectively.

X-ray diffraction and morphology

The influence of fluorine in the crystal structure of the pristine bronze has been
investigated by Rietveld analysis. However, due to the similar X-ray scattering factors of O and F, the
analysis of structural differences was also addressed by theoretical methods. The X-ray diffraction
patterns of pristine B-Nao.33V20s and 3-Nao.33V204.67F0.33 (Fig. 2a) were fully indexed with space group
A2/m, in agreement with previous works.?® 33 A small amount of VO, (rutile, S.G. P21/c) as a minor
secondary phase (4.6%) in B-Nao.33V204.67F0.33 was included in refinements.

Fig. 2b shows SEM images corresponding to -Nao.33V20s and -Nao.33V204.67F0.33. The former exhibits
stick like morphology with a length ranging from 2 to 6 um and a width of approximately 1 pm. By
contrast, the latter exhibits a very different morphology. It shows quite heterogeneous sizes ranging

from small rounded shaped crystals of 1 um, and even smaller, to big chunks of more than 7 um.

For B-Nao.33V20s, the refined lattice parameters are a = 10.0815(1) A, b = 3.61300(4) A, ¢
= 15.4382(2) A and = 109.5681(7)2, which are consistent with previous reports®. Likewise, the
refined lattice parameters for B-Nao.33V204.67F0.33 are a = 10.1333(4) A, b = 3.6208(1) A, c = 15.4555(7)
A, and £ =109.104(3)2, which were in very good agreement with literature2®. Tables S1 and S2 of the
SI show the atomic positions, thermal displacement factors, and occupancies for Nag33V20s and

Nao.33V20467F0.33 Obtained after Rietveld refinement from XRD data. Experimental data listed in Table
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1 point to a small increase of the cell volume (~ 1%) upon partial replacement of oxide ions, even

though the fluoride ion is supposed to be smaller for the same coordination number.

Q)
S

LN | I I IHII LRI I T RUL U TTWRRL L Y O T T AT R R TR R TR R TR T
n
¥

B-Nag33V,0,67F0.33

Intensity / a. u.

P

(TR TR A LTI TRTT Y CIRA LT N UR LT EZIH
LI 1 A O R BN R NI U

A

Il 1 II\H‘?IH LRI i

10 20 30 40 50 60 70 80 90 100
20/°

Figure 2. a) Experimental (red points), calculated (solid black line) XRD patterns and their differences
(blue line at bottom) for 3-Nao.33V20s and -Nao.33V20a4.67F0.33. The vertical bars indicate the positions
of the Bragg peaks. b) SEM images showing the different morphology of -Nao.33V.0s (top) and [3-

Nao.33V204.67F0.33 (bottom).

Due to the similar scattering factor of O and F, reliable structure determination can be
done only if both anions are very well ordered. However, the analysis of formal valences and bond
distances gives valuable information.

To assess the formal valences of the three types of vanadium atoms (V1, V2 and V3) in

both oxide and oxyfluoride compounds, we applied the valence bond (VB) approach.>3 >
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Interatomic distances from the structural models refined from powder X-ray diffraction for
Nao.33V20s have been used in the valence bond calculations.

The conventional Ro value of 1.803 for V°* has been used.>® >* The valences of the three V atoms in
Nao.33V20s were calculated as follows: V1 = 4.842+, V2 = 4,771+ and V3 = 4.880+. The value of the
mean valence of all three V atoms in our analysis, 4.831+, is in excellent agreement with the formal
oxidation state derived from nominal composition (Na*)o33(V*#°*),0s, in which the extra electrons

are supposed to be equally distributed among all three V atoms.

Table 1: Crystallographic data of Nao.33V20s and Nag.33V204.67F0.33 compounds obtained from XRD data

and from computational methods.

Nao.33V20s Nao.33V20a.67F0.33

Experimental | Computational | Experimental Computational
(XRD) (DFT) (XRD) (DFT)

a (A) 10.0815(1) 10.06 10.1333(4) 10.13

b (A) 3.61300(4) 3.66 3.6208(1) 3.69

c(A) 15.4382(2) 15.33 15.4555(7) 15.14

B(2) 109.5681(7) 109.60 109.104(3) 109.37

Vol (A3) 529.85(1) 531.739 535.84(3) 534.967

For comparison, we calculated valences for the same compound using the
crystallographic data reported by Khamaganova &Trunov® yielding V1: 4.916+, V2: 4.924+; V3:

4.926+. Though these values are in fair agreement with our results, they systematically overestimate
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the valence of vanadium. On the other hand, our values were also systematically lower than those
reported by Streltsov for the bronze Cuo63V205°® which not only differ in the amount of monovalent
tunnel ion but also with regard to the Na and Cu positions. Nevertheless, in agreement with Streltsov,
the lowest valence is obtained for the V2 atom, which appears to be the vanadium ion with the
highest charge from multipole analysis of the electron density in Nag33V,0s°” and, furthermore, has
been proposed to be strongly involved in the charge ordering in this sodium vanadium oxide bronze.>®
The valence bond analysis of the three V atoms performed in Nag33V20a467F0.33
oxyfluoride resulted in the following: V1 = 4.482+, V2 = 4.750+, and V3 = 4.759+, with a mean valence
of 4.664+ for all three V atoms. Again, the mean valence of all three V atoms in our bond valence
analysis is in excellent agreement with the formal oxidation state derived from its nominal
composition (Na*)o.33(V*®7*),04.67F0.33. We must note that these values are systematically lower than
those calculated in Nao33V20s, in accordance with the underlying substitution mechanism, after
which the charge compensation for substituting one 0% with 1 F is accompanied by simultaneous
reduction of one V°* to V#*. The decrease in valence appears to be more pronounced for V1 (-7.4%)
and V3 (-2.5%) when compared to V2 (-0.4%).
One may now hypothesize that V atoms statistically surrounded with more F atoms will undergo a
stronger decrease of their valences, which appear to be V1 and V3, while the valence of V2 remains
almost unchanged and thus seems to exhibit a surrounding that mainly consists of oxygen atoms.
Concerning the environment of the channel ion, we note that every Na* ion is hepta-coordinated
with O/F anions in a distorted capped trigonal prism configuration, sharing square faces with a
neighbor equivalent Na(O/F)7 polyhedron along the a direction. These double capped trigonal prisms
further share their trigonal faces along the channel b direction. Interestingly, the average Na-O/F

bond lengths in Nap33V20s oxide, 2.511 A, decrease to 2.483 A upon doping with fluorine in
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Nao.33V204.67F0.33 oxyfluoride (Fig. S1 of SlI). The shortening of the Na-anion bond length in sodium
vanadium oxyfluoride points to Na* surrounded with both F and O atoms, owing to the smaller size
of F.>° To summarize, Na ions in the oxyfluoride present shorter sodium-anion bond lengths and a
more fluoride-rich environment at the same time. This different crystallochemical situation could
affect the mobility of Na ions in Nao.33V20a.67F0.33 oxyfluoride.

In any case, it should not be forgotten that the application of the VB method may only be of limited
use in systems with strongly distorted V-O polyhedra and highly correlated electrons, where strong
electron interactions determine the type of ground state of the cation. Therefore, the ligand
environment of Na has been also analyzed by computational methods. Note that DFT has been
proven to be particularly useful for the analysis of anion distribution in mixed anion compounds.’

Theoretical analysis

The optimization of the unit cell shape of the bronze B-Nao.33V20s5 with the internal atomic
coordinates was performed using variable-cell calculations. The whole procedure was repeated a few
times, always using all parameters obtained from the previous run to get better convergence. The
optimized equilibrium lattice constants (a = 10.06 A, b = 3.66 A, ¢ = 15.33 A with 8 = 109.60°) are in
excellent agreement with the experimental data (See Table 1). Note that the experimental data have
been fitted using the nomenclature corresponding to the different crystallographic positions in S.G.
A2/m. Since the introduction of F atoms into the primitive unit cell removes the symmetry of all
atoms, different nomenclature for both atoms was thus applied (see Figure 1b). The error for a
parameter is 0.2%, for b is 1.4% and for c is 0.7%. The computational setting used, including the on-
site coulombic interaction of the V 3d states combined with van der Waals dispersion corrections,

has been commonly applied for the description of different doped vanadium pentoxide systems.**
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The simulation cell contains two V,0s layers along the ¢ direction. The Na ions are in the
middle of [V-Os] pyramids and between every layer (M1 sites), see Fig. 3a. After the geometry
optimization, the oxygen atoms around the Na ion form a polyhedron with eight faces, see Fig. 3b.
The corresponding distances between Na and O(1) (from the top layer), O(1)’, O(1) (from the bottom
layer) and O(1)” are 2.63, 2.48, 2.47, and 2.35 A, respectively. The previously described vanadium-
oxygen distances are slightly more differentiated. However, we concentrated only on the bond
changes in the close vicinity of the Na ion for transparency. Lattice constants and internal positions
of atom centers inside the optimized unit cell of the bronze B-Nao.33V20s are gathered in Table S4 of

the SI.

Bronze B-Na,.,V,0;

b) O(1) O(1)

o(1)”

Figure 3. a) Side view of the DFT(PBE+U)+D3-optimised structure of the Bronze B-Nao.33V20s bulk unit
cell. b) Different types of oxygen centers are shown. The bonds of interest are displayed (in A). The

V, O, and Na atoms are shown as blue, red, and yellow spheres, respectively.
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To analyze the binding interaction between Na and the V-O framework, we studied first the
electronic properties of B-Nao.33V20s. As seen in Fig. 4a, the DOS plot of B-Nap33V20s indicates a half-
metallic behavior. The appearance of the partially occupied band has been also reported for the
metal-doped a-V,0s system.* Bronze B-Nao.33V20s shows that the Na 3s states are mixed with the V
and O states over the whole range of the valence band (VB). It is characterized as a mixture of O 2p
and V 3d orbitals mainly in the bottom and middle part. States originating from the O 2p dominate
in the top part of VB, while the contribution from V 3d is largest in the higher conduction bands (with

a negligible contribution of oxygen states).

|
o
S—
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Bronze B-Na, ;,V,0, ¢ F

DOS [eV/state]
o
DOS [eV/state]

i — Total DOS
— VPDOS

B T R T Na PDOS
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DOS [eV/state)

Energy [eV] Energy [eV]
Figure 4. Total and projected density of states (DOS) obtained from the DFT(PBE+U)+D3 calculations

for Bronze B-Nao.33V20s5 (a) and the three most stable configurations of Bronze B-Nao.33V20a4.67F0.33 (b-

d). The Fermi level is marked by the dashed pink line.
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Na ions and relaxation influence the oxidation state of all atoms. In the sodium-free B-V,0s,
the formal oxidation state of vanadium is five and of oxygen is two. The presence of sodium slightly
changes the vanadium state. Hence, the geometry relaxation leads to a distribution of the excess
charge created by Na ions over the neighboring oxygen atoms. The Bader charge analysis indicates
that about 0.90e” per one Na was transferred. In this section, only the atomic charges of oxygen
atoms in the close vicinity of the Na ion are presented for clarity. The lowest values of the oxidation
states of oxygen are -0.72/-0.76, -0.84 and -0.83 for O(1)1/O(1)s, O(1)’r and O(1)”’s (T - top layer, B -
bottom layer), respectively. While the highest value was for the O(4) atom, and it is equal to -1.14.
The calculated oxidation states for V atoms are in the range 2.14 — 2.24. It is thus seen that the
oxidation states obtained for vanadium and oxygen atoms are strictly lower than the formal ones.

Next, we established the most stable configurations of bronze B-Nao.33V204.67F0.33. This part of
study is pivotal for a complete understanding of the influence of fluorine not only on the structural
and electronic properties of Bronze B-Naop33V20s but also on the electrochemical performance.
Geometry optimizations were performed for more than 20 initial configurations with fluorine atoms.
In the unit cell, two O atoms were replaced by two F atoms according to the stoichiometry. Initially,
we considered different types of combinations. However, the most stable structures were found for
those with the fluorine atoms in the positions of vanadyl oxygen atoms (O(1), O(1)’, and O(1)”). In
Fig. 5, we present such configurations. Interestingly, these are the ligands which coordinate the
position of sodium ion. In addition, we also included two less stable configurations with fluorine in
the positions of O3 and O3’ oxygen atoms for comparison.

For clarity, all configurations are named according to the positions of two inserted fluorine

atoms instead of oxygen ones. The abbreviation F(n)pF(m)e refers to the combinations of two oxygen
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sites (n, m) and their positions (P, P’) in the bulk unit cell including two layers, namely, the top (T) and
bottom (B) ones, see Fig. 5.

With the DFT(PBE+U)+D3 approach, we obtained bulk lattice parameters of a = 10.13 A, b =
3.69 A, c = 15.14 A, and with 8 = 109.37° for the bronze B-Nao33V204.67F0.33. These values agree well
with the experimental data (a = 10.13 A, b=3.62 A, c = 15.46 A, and with 8 = 109.10°) (See Table 1).
The a value is the same as the experimental value, the ¢ value is smaller than the experimental one
by 2.1%, while the b value is larger by 1.9%. The discrepancy between the calculated and the
experimental length of the lattice vector ¢ was found to be 0.32 A. In the experiment, we obtained a
mean value of the vector ¢ associated with randomly distributed fluorine atoms in the bulk, whereas
the optimization procedure was applied only to one structure, namely F(1)rF(1)’t. However, our test
calculations for a few selected configurations show that the changes obtained for the lattice
parameters have a marginal influence on the total energy.

Now, we discuss the results of the investigation of different insertion patterns of fluorine
atoms into the bronze B-Nao.33V20s bulk structure. The most stable configuration is F(1)rF(1)”r with
the total energy value (Er.l) set to 0 meV as the reference energy. In this structure, the Na ion was
initially set in position M1; however, after the geometry optimization it moved to position M1’. The
similar structure that is less stable by 72 meV is F(1)’sF(1)s which differs only in the location of the
Naion (M1). Aslightly less stable structure with an Ere of 75 meV is structure F(1)'tF(1)”’s. These three
most stable configurations show the same characteristic pattern, namely, the F atoms introduced
formed a triangle as one of the polyhedron’s faces around the Na ion, see Fig. 5. For all other cases
with fluorine atoms in different positions of vanadyl oxygen atoms, the values of an Ere are contained
in the range of 109 - 303 meV. Finally, the insertion of one and two F atoms in the position of the

three-fold coordinated O atoms leads to less stable systems with the Ee of 591 and 1634 meV,
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respectively. It is thus clear that the inserted fluorine atoms in bronze B-Nao.33V20467F0.33 should
mainly occupy the one-fold coordinated oxygen sites.

Now, we compare the geometric and electronic differences between the three most stable
configurations (all coordinates are listed in Table S5 of the Sl). For the F(1):F(1)”t configuration, the
F(1)t — Na and F(1)r — Na distances are 2.30 and 2.45 A, respectively. The calculated equilibrium
F(1)”s —Na/F(1)s — Na and F(1)’'t — Na/F(1)"”s — Na bonds in F(1)"’sF(1)s and F(1)'tF(1)"’s are 2.26/2.32
and 2.35/2.22 A, respectively. By contrast, the distances between the Na ions and different vanadyl
oxygen atoms are larger and contained in the range from 2.53 to 2.82 A for all three cases. On the
other hand, the different vanadium-fluorine bond lengths vary from 1.89 to 1.94 A, while the changes
that appeared in all vanadium-1-fold coordinated oxygen distances never exceeded 0.02 A compared
to the undoped bronze B-Nag33V20s bulk (1.60 - 1.62 A). In all three cases, the oxidation states of
vanadium atoms forming bonds with fluorine atoms are in the range 2.06 - 2.26 e, and they are only
slightly lower than those for the undoped systems (2.14 - 2.24 e). All changes in the oxygen charges

are less than 0.15 e, while the Bader charges on Na ions do not change.
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F(1).F(1)- 303 F(1):F(1)% 211 F(1):F(1)s 109

F(1)F{1)"; 0 F(1):F(1)"s 75 F(1):F(1)s 268

F(1)’:sF(1)s 72 F(1):F(1)'s 236 F(1)"F(1)'s 193
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Figure 5. Different structures of the bronze B-Nao.33V204.67F0.33 bulk unit cell with the corresponding
relative energies [Erel in meV] from the DFT(PBE+U)+D3 calculations. The V, O, F, and Na atoms are

shown as blue, red, arctic, and yellow spheres, respectively.

The influence of the fluorine atoms on the electronic structure of the bronze B-Nao33V20s
bulk is also presented. Fig. 4b-d shows the total and projected DOS for the three most stable bronze
B-Nao.33V20467F0.33 systems. The projected DOS of bronze B-Nao.33V20a4.67F033 shows that the F 2p
states are mainly located in the bottom and middle part of VB. When we compare the DOS plot in
the vicinity of the Fermi level for the doped and undoped systems, it is seen that the introduction of
fluorine only slightly affects the band structures. We also found a small shift of 0.02 - 0.13 eV in the
Fermi level (the dashed pink line in Fig. 4) after fluorine insertion.

Considering this small shift, little change in the redox chemistry is expected. Calculation
of the potential difference between the sodium electrode and the two parent compounds (open
circuit voltage) as well as the variation of voltage upon sodium intercalation have not been
undertaken inasmuch as the reference sodium-free compound could not be computed as we lack
structural and electronic information about the Na-free compound which could not be obtained by
sodium extraction (see below).

Electrochemical sodium insertion/deinsertion properties

Fig. 6a shows the first cycle of a cell bearing either the oxide or the oxyfluoride as the
active material of the positive electrode at C/20 rate (7.5 mA g) down to 1 V vs. Na*/Na. Insertion
of Na in the oxyfluoride seems to be quite impeded when compared to the oxide. Although both
compounds exhibit the same structure type, as described in the previous sections, the amount of

intercalated Na in the oxide is larger under identical experimental conditions. However, the voltage
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profile of the first charge, shown in Fig.6a, may indicate either an oxidation mechanism different from
that during reduction, as already observed in NaFePO,,% or irreversible reduction of the oxide. In the
case of the oxyfluoride, the voltage drops very fast, pointing to either a low degree of insertion or a
stronger kinetic limitation due to slower ion diffusion or to the expected decrease of electronic
conductivity owing to a higher bond ionicity. To rule out the influence of any irreversible
transformation, galvanostatic experiments were run limiting the lower cut-off voltage to 2 V (Fig S2
of the SI). Under these conditions, the oxyfluoride presents the same behavior with fast drop of
voltage ascribed to the more limited kinetics. Whatever the origin under such a polarized situation,
the effect of fluorine on the intercalation voltage is not clearly discerned.
Although literature on sodium insertion on this bronze is not abundant, it appears that the amount
of inserted sodium strongly relies on morphology and surface area.3? 3> To further uncover the
influence of fluorination in this material, additional electrochemical data were recorded under near-
equilibrium conditions (GITT experiments) to minimize the £IR drop contribution to the voltage.
Bach et al.3! reported that deep discharge (down to 1.6 V vs. Na*/Na) is responsible for a
constant decrease of specific capacity. We decided to run GITT experiments in two different voltage
ranges, with lower cut-off voltages below 1.6 V (1.0 V) and above 1.6 V (2.0 V), because the voltage
range used in this previous report might not be useful as proper references due to kinetic limitations
detected in the oxyfluoride.

Experiments run under GITT conditions (Fig 6b and 6c) reveal reversible Na insertion
behavior and similar voltage profiles under thermodynamic equilibrium in both OCV - 2.0V and OCV-
1.0 V voltage ranges. Interestingly, when the systems are left to reach equilibrium with negligible
polarization, the average voltage of B-Nao.33V20466F0.33 is still lower than that of the oxide for the

same sodium content. This is a striking feature if one considers that fluorination was made to pursue
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an increase in voltage. However, direct comparison of experimental voltages for oxide and
oxyfluoride may not be valid inasmuch as the aliovalent O/F substitution has an influence on the
oxidation state of vanadium for the same sodium content. A proper comparison reflecting the
expected effect on voltage is shown in Fig. 6d that shows the quasi-equilibrium voltage profile as a
function of the estimated oxidation state considering the initial sodium content and the amount of
electrochemically inserted sodium. For the sake of clarity, only the wider voltage range (OCV —1V)
is shown. It turns out that the equilibrium potential is systematically higher for the oxyfluoride during
both discharge and charge processes in the whole voltage range. The potential difference is
maximum, 0.6 V, for B-Naop33V20s66F033 at the open-circuit-voltage (for which the estimated
oxidation state is +4.66) and continuously decreases upon discharge. This observation can be related
to the residual polarization observed even under GITT conditions and may be due to different kinetics
of both electrochemical interfacial and mass diffusion processes. Note that oxide and oxyfluoride

exhibit very different morphologies and particle sizes as evidenced from SEM studies (See Fig. 2b)
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Figure 6. a ) Voltage-composition profile at C/20 rate down to 1 V; Voltage-composition profile under
GITT conditions in the range b) OCV - 2 V and c) OCV - 1 V; d) quasi-equilibrium voltage profile as a

function of estimated vanadium oxidation state.

Electrochemical results presented herein and in previous reports3? ®* indicate that 3
bronze Nap33V20s5 deserves attention as an electrode for sodium-ion batteries, inasmuch as the
capacity inthe OCV - 1.0V vs. Na*/Na voltage range, corresponding to the reaction with 1.66 Na*/f.u.,
is one of the highest among sodium cathodes (ca. 245 mAh g ). The higher equilibrium voltage
observed in the oxyfluoride B-Nao.33V204.66F0.33 anticipates a higher specific energy. However, the

lower capacity owing to the lower oxidation state of vanadium in Nao33V20466F033 and higher
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polarization when cells are cycled at a constant current (for example at C/20 as shown in Fig 6a or
S2) frustrates the improvement. Note that aliovalent O/F substitution reduces the initial oxidation
state of V and hence the amount of sodium that can be inserted decreases. This is more clearly seen
in the high voltage range, shown in Fig. 6b, where reversible insertion has been reported.3' 33 Despite
the quite open structure and available positions for extra sodium in the tunnel space, it may happen
that diffusion of sodium along the tunnels of the structure or interfacial phenomena are slow. This
impediment appears to be more pronounced in the oxyfluoride. However, the oxide seems to suffer
from slow kinetics as well. Note that even under quasi equilibrium conditions discharge and charge
curves are still separated by 200 to 400 mV. Apparently, full equilibrium has not been reached even
under these relatively slow experimental conditions, and longer times are needed to accomplish the
diffusion of charged sodium atoms accumulated on the surface of the cathode during each current
step. Consequently, Fig S3 of SI shows that initial discharge capacity, Qo at C/20, decreases very
rapidly with increasing current density in both samples, which behave in a similar manner.

In addition to Na insertion into the tunnel of the 3 bronzes, our considerations on limited
kinetics also apply to the Na extraction to get B’-V20s. We have not been able to fully extract sodium
from the Nag33V,05 aimed to prepare the polymorph B’-V,0s. Even after several treatments with
NO2BF4 as oxidizing agent, elemental analysis of the resulting compound indicated that barely 33%
of sodium content was removed, suggesting that sodium has a high stability in the bronze structure.
Electrochemical oxidations of our samples under different conditions (see experimental section)
were also unsuccessful. In this respect, Pereira-Ramos et al.3?> were also unable to remove sodium
from B-Nao.33V20s by electrochemical oxidation. Nevertheless, Kim et al.33 more recently claimed that

sodium can be totally extracted thanks to a favorable morphology. Interestingly, the morphology that
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these authors described is not very different from the one obtained in our oxide sample for which
only partial extraction was achieved.

To ascertain the origin of such limitations regarding sodium extraction, we have
determined the sodium diffusion coefficient of both the oxide and the oxyfluoride as well as
resistances associated with sodium ion transport through the cell.

The three electrode cells used to avoid the contribution of the sodium anode to
impedance response are described in the experimental section. Typical Nyquist plots obtained at x
~0.33 of a three-electrode cell bearing either Nap 33V205 oxide or Nap.33V204.66F0.33 oxyfluoride as the
positive electrode are shown in Fig. 7 (open circles). At high frequencies, an x-intercept is observed
(Fig. 7 upper insets). At intermediate frequency values, experimental data show two depleted and
overlapped semicircles for the oxide and a depleted semicircle for the oxyfluoride. In the low
frequencies range, corresponding to slowest processes, the movement of sodium ions within the
positive electrode produces the impedance response. In this range, just after the two depleted

semicircles, there is a linear variation of -Im(Z) with the Re(Z) part of impedance in both cases.
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Figure 7. Nyquist plot corresponding to impedance of the working electrode a) Nao.33V20s electrode
and b) Nao.33V204.66F0.33 electrode, both at x~0.33. Insets show the equivalent circuit used for both

fittings and a closer view of the high frequency range.

The impedance data of both compounds has been modeled by the same equivalent
circuit, associating each one of the sub-circuit elements to different physical-chemical processes. The
proposed equivalent circuit is similar to that proposed by several authors.5> ¢ The x-intercept
corresponds to a pure resistor (Ro) due to the cell characteristic, and it is dominated by the resistance
of the transport of sodium ions through the electrolyte. The two depressed semicircles at
intermediate frequencies seen in Fig. 7a are fitted with two RCPE in series where the CPE represents
constant phase elements characterized by a pseudocapacitance Q instead of a pure capacitor. CPE is
used when modelling impedance spectra as alternative to pure capacitors due to relaxation®’
frequency distribution. In batteries, this distribution is due to the non-ideality of the electrode
surface and its interface with the electrolyte (roughness, irregularities, etc.).

The overlapping of the two semicircles indicates that the two physical phenomena
ascribed to this part of the circuit model have very close relaxation frequencies. These two elements
of the equivalent circuit are assigned to two different electrochemical processes that take place in
the electrode-electrolyte interfaces: i) migration of sodium ions through the cathode-electrolyte
interface and charge accumulation characterized by Riand Qi, and ii) the charge transfer process
(solvation/desolvation of sodium ions) at electrode-electrolyte interface which occurs in parallel with
the electrical double layer capacitance characterized by R, and Qa, respectively. In the case of the
oxyfluoride, the two elements have also been used for fitting, although the two semicircles are not

so clearly seen.
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The linear variation observed after the depressed semicircles is assigned to a Warburg
impedance describing the semi-infinite diffusion process of sodium ions through the bulk of the
electrode. The imaginary and real part of impedance have the same value for the ideal semi-infinite
diffusion process and produce a spike with 452 in the Nyquist plot. Deviation from the ideal 452 can
be associated with the charge accumulation phenomena on the electrode surface due to low
diffusion into the bulk. A pseudocapacitance in series, Qs, that describes, according to Kim et al.,%®
the charge accumulation phenomena on the electrode surface, is used to account for the deviation
of the Warburg resistance. The solid line in Fig. 7 depicts the fitting of experimental data to the
equivalent circuit shown in the lower inset of Fig. 7a. The fitting result for resistances and
pseudocapacitances are listed in Table S6 of the Sl for both oxide and oxyfluoride. Due to the strong
overlapping of the two depressed semicircle elements in the oxyfluoride, no conclusions can be
extracted regarding the changes in the individual processes associated with them upon partial
substitution of oxygen by fluorine. However, the data clearly show that the total resistance of
sodium ion migration through the cathode-electrolyte interface layer and the charge transfer
process, R2+R3, are quite similar with resistances in the same order of magnitude. Note that for
both compounds the total resistance is very high, explaining the large polarization observed and
the large capacity loss at high current rates.

Impedance spectra showing a Warburg element can be used to characterize the kinetics

of a mass diffusion process. Thus, the diffusion coefficient Dna+ was calculated by applying Eq.1:%°

"

o= () (&) ()
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where Vn, is the molar volume, z is the number of electrons exchanged in the redox reaction, F is the
Faraday’s constant, A is the electrode specific area (determined by BET method as indicated in the
experimental section), dE/dx is the local slope of the equilibrium E vs x curve at the x value where
impedance measurements were made (x ca. 0.33), m is the electrode mass, and Aw is the Warburg
coefficient. Aw is obtained from the Warburg region of impedance spectrum. Considering that this
region can be partially overlapped by the adjacent circuit elements, the Aw value was read from the
minimum of —Im(Z) w2 versus w. At this minimum, the Warburg diffusion process is the only
contribution to EIS data.”® The Warburg coefficient and the rest of parameter of Eq.1 as well as the
resulting Dna+ are listed in Table 2.

Table 2. Values of parameters for determination of the Na diffusion coefficient in B-Nao.33V20s and
B-Nao.33V204.66F0.33.

Nao.33V205
Vi A dE/dx m Aw Dna+
53.37 cm®/mol 3.01 m?/g -7.16 V mol 14.1 mg 6.21 Qs 1.13x 102 cm?s?
Nao.33V204.66F0.33
Vm A dE/dx m Aw Dnas+
51.66 cm3/mol 3.13 m%/g -9.92 V mol 10.2 mg 33.46 Qs? 1.24x 103 cm?s?

The sodium diffusion coefficient (Dna+) of the oxide B-Nao33V20s is in agreement with
previously reported values’? for nanoplates B-Nao33V20s (3.33% 102 cm?/s) as determined also by
EIS. These authors reported an acceptably good power rate in view of the high Dyas.

The other Dna+ of B-Nao33V20s66F033 is one order of magnitude lower than for B-
Nao.33V20s5, which explains the smaller polarization and higher capacity of the latter under the same

constant current (Fig. 6a and S3).


https://doi.org/10.1021/acs.inorgchem.0c02117

Accepted version.

Published in Inorganic Chemistry 2020, 59 (22), 16361-16374.
https://doi.org/10.1021/acs.inorgchem.0c02117

Interestingly, computational results indicate that the most stable configurations of
ligands around Na in B-Nao33V20as66F033 are those that involve fluorine in its coordination
polyhedron. The fact that the average Na-ligand distances are shorter in the oxyfluoride points to the
same conclusion. Thus, a stronger ionic bond between Na and its ligands may be the origin of its
lower Dna+. We must note at this point that replacement of oxygen by fluorine may influence the
diffusivity of intercalated ions in different ways since, for example, it has been claimed that doping
a-MoOs, a Mg?* intercalation host 72, with fluorine favors magnesium diffusion.”?

However, the Dna: values found neither justify the poor power rate of both oxide and
oxyfluoride (Fig. S3) nor the difficulty to extract sodium. Note that sodium extraction from these two
materials has only been partially achieved under our experimental conditions (see experimental
section), while in the case of NaFePOs (Dna+ = 8.70 x 10'Y cm? s71)74 full sodium extraction is easily
achieved by a relatively fast charge (at C/10 current rate). Therefore, we believe that the high value
of cathode-electrolyte interface and charge transfer resistances largely contribute to the poor
behavior at high current. Another important contribution to the kinetics limitation comes from the
large particle size, in the range of several microns (Fig 2b), resulting from the ceramic procedures

used to prepare both Nao.33V204.66F0.33 0xyfluoride and Nao.33V20s oxide.

Conclusions

B-Nao.33V204.66F0.33 exhibits the same structure as the parent bronze B-Nag33V20s. The
partial substitution of oxygen by fluorine has little effect on the cell volume which increases only by
~ 1%. However, the sodium environment changes significantly. According to computational study,
when two O atoms are replaced by two F atoms in the primitive unit cell to keep the stoichiometry,

the most stable structures were found when the fluorine atoms occupy the positions of vanadyl
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oxygen atoms (O(1), O(1)’, and O(1)”) which belong to the Na coordination polyhedron. Thus,
substitution takes place mainly in the coordination sphere of Na. Little change regarding the
participation of ligands in the redox chemistry is expected as the DOS plots reveal that fluorination
only slightly affects the band structures with only a small shift in the Fermi level.

Interestingly, upon doping with fluorine, the average Na-O/F bond lengths determined
experimentally decrease from 2.511 A in Nao.33V20s to 2.483 A in Nao.33V204.67F0.33 (Fig. S1 of SI). The
shortening of the Na-anion bond length in sodium vanadium oxyfluoride points to Na* surrounded
with both F and O atoms. This conclusion agrees with computational results since they point to
shorter sodium-anion bond lengths and simultaneously to a more fluoride-rich environment in the
oxyfluoride. This different crystallochemical situation, detected by both experimental and
computational methods, could affect the mobility of Na ions in B-Nao33V20467F0.33 oxyfluoride. In
fact, the higher ionicity in the Na coordination sphere of B-Nao.33V204.67F0.33 seems to be related with
a Dna+ one order of magnitude lower (1.24 x 1013 cm? s) than in the case of B-Nao.33V20s (1.13 x 10
2 cm2s7l),

Regarding the electrochemical properties, we have shown that insertion/deinsertion
equilibrium potential for the same formal oxidation state of vanadium increases due to fluorination
(for instance reduction of V**3 occurs at 1.5 V in the oxide and at 1.75 V in the oxyfluoride). However,
the capacity of Nao.33V204.67F0.33 at constant current is lower than in the case of B-Nao.33V205 because
of the following: i) a non-adequate morphology; ii) lower Dna iii) aliovalent O/F substitution reduces
the initial oxidation state of V and hence, the amount of sodium that can be inserted in the same
voltage range. Decreasing Dna-+ likely has a less significant effect because in both compounds it is high

enough when compared with other state-of-the-art materials. Thus, the larger particle size and the
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non-acicular morphology of the oxyfluoride likely have more influence on the poorer electrochemical
properties of the oxyfluoride.

Finally, optimization of the oxyfluoride material will require developing synthesis
methods to obtain nanoparticles. On the other hand, high charge transfer resistances have been
found in both cases. Hence, investigation of alternative electrolytes favoring charge transfer
resistance and reducing resistance due to Na ion migration through the cathode-electrolyte interface

will be needed.
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Nao.33V205I> Nag33V,0, 67F033  vanadium oxidation state

Synopsis: Partial replacement of oxide by fluoride ions takes place in the coordination sphere of Na
shortening the Na-anion bond lengths. The higher ionicity in the Na coordination sphere of B-
Nao.33V204.67F0.33 is related to a lower sodium ion diffusion coefficient, Dna+ than in the case of -
Nao.33V20s. Insertion equilibrium potential increases due to fluorination. Capacity is lower than for -

Nao.33V205 due to a less adequate morphology, a lower Dna+, and a lower oxidation state of vanadium.
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