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Abstract

In this work, we investigate the crystal chemistry of Fe/V-mixed NASICON NasFeV(PO4)s and
NasFeV(POa4)3 compositions structurally related to NasV»(POa)s, a positive electrode for Na-
ion batteries. To synthesize NasFeV(POa)s, various synthesis routes (solid-state, sol-gel
assisted, and electrochemical syntheses) were investigated. Direct syntheses resulted in
forming a NASICON-type phase with the presence of NaFePO4 and NasPOa impurities. The
successful preparation of pure NasFeV(PO4); has been achieved by electrochemical sodiation
of NasFeV(POas)s. Both synchrotron X-ray absorption and Mdssbauer spectroscopies allowed
probing the local V and Fe environments and their oxidation states in NasFeV(POs); and
NasFeV(PO.)s. NasFeV(POg)s crystallizes in the space group C2/c (a = 15.1394(2) A; b =
8.72550(12) A; ¢ = 21.6142(3) A; 8 = 90.1744(9)°, and Z = 12), and it is isostructural to an
ordered a-form of NazsM,(POa)3 (M = Fe, V). It presents a superstructure due to Na* ordering,
as confirmed with differential scanning calorimetry and in situ temperature X-ray diffraction.
The electrochemically-sodiated NasFeV(POa)s powder crystallizes in the space group R-3c (a =
8.94656(8) A, ¢ = 21.3054(3) A, and Z = 6) within which the two sodium sites, Na(1) and Na(2),
are almost fully occupied. NasFeV(POs); allows the electrochemical extraction of 2.76 Na* per
formula unit within the voltage range of 1.3 — 4.3 V vs. Na*/Na through the Fe'"/", V' ‘and

VV/V redox couples. This identifies an interesting material for Na-ion batteries.



Introduction

NASICON-type NasV(POa)s is one of the most exploited positive electrode materials for Na-
ion batteries due to its robust crystal structure, providing long cycle life and great rate
capability.’”” The three-dimensional NASICON structure of general formula A\MM’(XOa)s is
composed of lantern units stacked along the [001]hexagonal direction and made of two MOs and
M’Os octahedra, not connected between each other but sharing corners with three XO4
tetrahedra. This framework generates two interstitial sites, M(1) and M(2), generally occupied
by alkaline ions. When A is Na*, one Na* ion can occupy the M(1) and the M(2) site up to three
Na* ions, per formula unit. These interstitial sites are connected with three-dimensional
conduction pathways allowing fast (de)intercalation of Na*ions without a collapse of the host

structure.®

The crystal structure of NasV2(PQOa)s has been recently revisited, clearly demonstrating that it
cannot be described with the typical space group R-3¢c model at room temperature, but with
a monoclinic unit cell taking into account the ordering of Na* ions and vacancies within the
V2(P04)s framework.? In fact, three reversible structural transitions have been identified using
differential scanning calorimetry (DSC): a < B at26°C, 3 & B’ at 119 °Cand B’ <& y at 177
°C, with subtle modifications in the Na* sites’ occupancies. The low-temperature form a (C2/c,
Z = 12) is characterized by a superstructure due to long-range Na* ordering. The two
intermediate-temperature B and B’ monoclinic phases are incommensurate modulated
structures. The rhombohedral form y (R-3c, Z = 6) appears only above 180 °C, in which the Na
atoms are fully disordered on the M(1) and M(2) sites. Similarly, two phase transitions (a <&
B at95°Candp < yat 145 °C upon heating) were also observed for the pure iron counterpart

NagFEZ( |:’O4)3.10'13

When used as a positive electrode for Na-ion batteries, NasVy(POa.); allows the
extraction/insertion of only two Na* per formula unit leading to a moderate specific capacity
of 118 mAh/g even though it still possesses high power capabilities.>” Improving the specific

capacity while keeping the solid NASICON framework structure is an important challenge,
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thus several strategies were proposed.>141 An obvious one would be to extract the third
Na* from NasV2(POa)s through the activation of the VV/V" redox couple, but this has been
reported to be thermodynamically and kinetically unfavorable.'*> Another strategy is to tune
the polyanionic framework by partially replacing the phosphate groups (PO4*) by silicate
groups (SiOs*) so to prepare the Na-rich Nas«xV2(POa4)s3x(SiO4)x solid solution. Such
compositions, with x = 0.1, 0.2 and 0.4, were recently reported for the first time, but without
evidence of extra capacity probably since high voltage domain has not been explored.®
Electrochemical pre-sodiation of NasV(PQa)s3 to yield NasV2(POa4)s; was also proposed, either
to compensate for the irreversible capacity loss observed during the first cycle in full cell'?, or

to increase the energy density of Na3V2(POa)s || NasV2(PO4)s symmetric cells.!®

Alternatively, various substitutions on the transition metal site were studied. Thanks to the
excellent tunability of the NASICON structure, many different compositions could be explored,
exemplified by Nax(M,M’)2(POs)s with M,M’ = Al,1® Tj,20-25 \/ 47141821 Cy 22,242627 |\ 23,28-33
Fe, 2428303437 Nb 25 7r2°, However, most of the materials have shown no meaningful capacity
increase when the electrochemical reaction was limited to the exchange of two Na* ions.
Recently, several Na-rich compounds NazMM’(POs)s (MM’ = MnV,332 MnCr,33 Fev,3436
MgV38) have been reported as attempts to reach higher specific capacities through the
possible extraction of more than two Na* per formula unit. The main criteria to design such
compounds would be (i) the substitution by electrochemically active divalent elements such
as Mn" and Fe' and (ii) the activation of multi-electron redox reactions on at least one of the
transition metals. For instance, NasMn'"V"(PO,4)33132 and NasMn''Cr'"(PO4)333 fulfil these two
conditions and thus show the possible extraction of three Na* ions during the first charge, but
drastic capacity fading was rapidly observed due to irreversible structural modifications
occurring at high voltage.332 On the contrary, despite the multi-electron redox reaction
involving the V"' cation, Nas;Mgo7V'"13(POs)s is less attractive since Mg" is not
electrochemically active.38 Only few Na-rich NasMM’(PQO4)3 compositions have been explored
so far among the high number of possible compositions predicted by first-principles

calculations.??



Remarkably, NasFe'"'V"'(PO,); has not been reported yet in the literature although there have
been attempts to prepare it.3%3435 De Boisse et al. reported a systematic study of
Nas:xFe'\V'"2«(PO4)3 (0 < x < 1 with 0.1 increment) using solid-state synthesis, showing that
secondary phases (mainly NaFePO4) appeared for x > 0.5.3* Hadouchi et al. also attempted to
synthesize  NasFe'V"(POs);, but obtained a  sodium-deficient  composition
Nas.410050FeV(PO4)s with mixed valence Fe''/Fe''.3> NasFeV(PQs); is particularly interesting
since it could be more cost-effective than NasV;(POas)s; and three Na* exchange is principally

feasible through the successive activations of the Fe"!', VV/! and VV/V redox couples.

In this study, we present the synthesis conditions of our various attempts to obtain the
stoichiometric composition NasFe'"'V'"(PO4)3 as a pure phase. It was difficult to prepare a
phase-pure NasFe'"V"(PO4); powder as many secondary phases appeared for the samples
synthesized through direct syntheses. On the other hand, electrochemical synthesis using
NasFe''V!"'(POy)s3 as a precursor gave a pure NagFe'"'V"(PO4); phase. To further study the crystal
chemistry of both compositions (Nas and Nas), and to study local environments and valence
states of iron and vanadium, Mdssbauer and synchrotron X-ray absorption spectroscopies
were performed. During structural determinations of both compositions, an ordered
superstructure was observed for NasFeV(PQOa4)s at 298 K, confirmed with Differential Scanning
Calorimetry (DSC) and in situ temperature XRD. We propose a new structural model for
NasFeV(POa4)s, which can explain all the superstructure diffraction peaks, thanks to the
analysis of high-angular resolution synchrotron X-ray diffraction data. The crystal structure of
the fully-sodiated, electrochemically-active, NasFeV(PO4)s composition is reported for the

first time and discussed in details.

Experimental

Preparation of NasFeV(PO4)s through direct syntheses. NasFeV(PQO4)s was prepared by solid-
state and sol-gel methods. The solid-state method used stoichiometric amounts of NasPO4
(Acros organics, 96 %), NaPOs, FeC;0422H,0 (Alfa Aesar, 99 %), and home-made VPO, in a

molar ratio of 1:1:1:1. NaPOs was prepared from NaH,POs (Sigma-Aldrich, 99 %) under
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vacuum drying at 250 °C overnight and then stored under Ar. VPO4 was prepared as described
in details elsewhere.3! The stoichiometric powder mixture was first ball-milled in a planetary
mill for 12 h (10 minutes run followed by 10 minutes rest) at 400 rpom in Argon, the
atmosphere used for the subsequent steps to avoid oxidation of Fe'. The resulting powder
was then pre-heateder at 400 °C for 4 h (under Ar) and then mixed again in a mortar and
pelletized prior to annealing at 700 °C for 20 h (under Ar). The sol-gel method used a solution
of Fe(C;H303)2 (Sigma-Aldrich, 95 %), C10H140sV (Sigma-Aldrich, 97 %), citric acid (Alfa Aesar,
99 %) and oxalic acid (Sigma-Aldrich, 98 %), in a molar ratio of 1:1:2:1 and mixed in deionized
(DI) water and ethanol (50/50 by volume) using a magnetic stirrer. Then a solution of
CH3COONa (Prolabo, 99 %) and NH4H,PO4 (Sigma-Aldrich, 98.5 %) in deionized water in a
molar ratio of 4:3 was added dropwise into the former solution. The solution thus obtained
was dried overnight at 80°C in an oil bath under continuous stirring before being placed in an
oven. The obtained powder was ground and pre-heated at 400 °C for 4 h in Ar. The resulting
powder was then mixed in a mortar and annealed at 700°C for 10 h under either Ar or Ar/H;

(95/5) atmosphere.

Preparation of NasFeV(POy); through electrochemical sodiation. NasFeV(PQa)s was prepared
by a simple straightforward solid-state method. Stoichiometric amounts of NasPO4 (Acros
organics, 96 %), FePO4¢2H,0 (Sigma-Aldrich) and synthesized VPO4 in @ molar ratio of 1:1:1
were ball-milled in a SPEX 8000 mixer for 1 h. The resulting powder was heated at 400 °C for
4 h in Ar and then at 800 °C for 10 h in Ar with an intermediate regrinding. Then, composite
electrodes were prepared by mixing the NasFeV(POa4)s; powder and carbon black (Alfa Aesar,
99.9+%) (80/20 in wt%) before being dried overnight at 80 °C under vacuum. These electrodes
were assembled as working electrodes versus Na metal as reference electrode in CR2032-
type coin cells in an Ar-filled glove box. One sheet of Celgard and glass fiber were used as
separators and the electrolyte was composed of 1 M NaPFs (Strem Chemicals; 99%) in
EC/DMC (1:1 mass ratio) with 2 wt.% of FEC. A slow electrochemical reaction rate of C/20
(1 C=58.2 mA/g, or 20 h for the exchange of 1Na* / 1e’) was used to intercalate Na* into

NasFeV(PQOa4)s, with a cut-off voltage of either 2.0 or 1.3 V versus Na*/Na.



Laboratory X-ray diffraction (XRD) was performed in Debye-Scherrer geometry on a
PANalytical Empyrean diffractometer using Cukas 2 radiation with powder in 0.3-mm diameter
capillary. Synchrotron X-ray diffraction (SXRD) measurements were conducted at room
temperature on the MSPD beamline of the ALBA synchrotron in Spain.*° Data were collected
in Debye-Scherrer geometry, at a wavelength of 0.8266 A, still using a 0.3 mm diameter
capillary. The position sensitive detector, MYTHEN detector, was used to rapidly collect
pattern in the 20 angular range of 2 - 60°, with a 20 step size of 0.006°. In situ temperature-
controlled X-ray diffraction measurements were performed using an Anton Paar HTK1200
furnace on a PANalytical X’'Pert Pro diffractometer, at the Coka12 radiation. XRD patterns
collected with every 10 °C from room temperature up to 150 °C and then cooling down to 30
°C with one hour of acquisition for each pattern. To stabilize temperature, the heating rate
was 1 °C/min and being held for 10 min at each temperature before the pattern’s acquisition.

Diffraction data analysis was performed using the FullProf Suite*! and JANA2006%2.

>’Fe Mdssbauer measurements were performed using a constant acceleration Halder-type
spectrometer operating in transmission geometry with >’Co source (embedded in Rh matrix)
at room temperature. The velocity scale was calibrated using the characteristic sextet of a
pure a-Fe® foil as reference. Mdssbauer hyperfine parameters were refined with the
WinNormos software (Wissenschaftliche Elektronik GmbH). It is important to mention that
various components of a Mdssbauer spectrum may have different values of Lamb-Mdssbauer
factor (f). This parameter, also known as the recoil-free fraction, strongly affects the intensity
of the Mdossbauer effect and thus the absorption area of the observed signal. At room
temperature, significant difference in Lamb-Mossbauer factors can lead to
under/overestimation of a given contribution. Generally, Fe'"-containing compounds have
1l

higher values of the f-factor than Fe'"-containing compounds thus the relative area of Fe'" site

could be overestimated.*344

Synchrotron X-ray absorption spectroscopy (XAS) was performed at the Iron and Vanadium
K-edge energies in transmission mode at the ROCK beamline of the SOLEIL synchrotron

facility, France.* The incident energy was selected using a Si(111) quick-XAS monochromator



with an oscillation frequency of 2 Hz. Three ionization chambers filled with an appropriated
mixture of gases were used as detectors. Pristine and ex situ samples were prepared as
composite electrodes ~8mg/cm? pellets, containing active material/carbon black/PTFE in a
mass ratio of 60/30/10 and placed between the first and the second ionization chambers. The
energy calibration was done by measuring simultaneously Fe or V foils placed between the
second and third ionization chambers. Reference materials (NasV"'»(PO4)3, NasFe'"';(POa)s,
Fe''C204:2H,0) were measured to assign the oxidation states of Iron and Vanadium species.
Each XAS spectrum was resulting from an average over 10 minutes. Data were processed
using the modules Athena and Artemis from the Demeter software package.*® For the Fe K-
edge, Fourier transforms of the k*-weighted EXAFS oscillations were carried out in the k-range
of 2.6 - 10.8 AL Fitting was performed with the R range of 1.0-2.1 A, dR=0, and sine
window. The radial distance (Ri), the Debye-Waller factor (0i?) were refined while the
coordination number (N) and attenuation factor (So?) were fixed as 6 and 0.95, respectively,
and the energy shift (E°) was refined and fixed in the last step. The V K-edge EXAFS oscillations
were refined in the same way but with slightly different window values: the k-range of
2.7-10.7 A, the Rrange of 1.0 - 2.2 A, dR = 0, sine window, the coordination number (N) of

6 and attenuation factor (S¢?) of 0.7.

DSC measurements were recorded on a DSC204 F1 from Netzsch in aluminum crucibles with
a 50 mL /min argon flow with a scan range of 298 - 573 K at a heating and cooling rate of 10

K /min.

Results and Discussion

Characterization of NasFeV(POy)s obtained through direct syntheses: Several routes were
attempted in order to obtain the NasFeV(POs); target material from direct synthesis. For each
of them, parameters such as the nature of the precursors, the annealing temperature and
dwell time were investigated, but did not lead to significant differences with the results we
report here. Three samples are compared: the first one was obtained by the classical solid-

state method with annealing of a stoichiometric ball-milled mixture of precursors at 700 °Cin



Ar, and the two others were obtained by a sol-gel reaction followed by annealing at 700 °Cin
Ar/H; or in Ar. The XRD patterns of these three samples are compared in Figure 1a, and the
corresponding unit cell parameters are listed in Table 1 (see also Figures S1-S3 for more

information on the Le Bail refinements of the XRD data).
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Figure 1. (a) X-ray diffraction patterns of the target composition NasFeV(PQ,); obtained through
various synthesis conditions. ( 4 ) and (O) signs indicate NasPO, and NaFePOj, as impurities,
respectively. (b) Room temperature >’Fe Méssbauer spectra of the corresponding samples. Each
spectrum is described by the sum of different signals: Fe!" (light brown), Fe'(1) (dark green), Fe''(2) in
NaFePO;, (light green), and Fe"(3) (dark brown). Details of the refined parameters are listed in Table
S1.



The sample obtained by solid state reaction in Ar shows the largest V/Z value (245.84(2) A3),
indicative of a larger number of Na* incorporated into the NASICON structure (and hence
higher Fe" content) according to the chemical formula Naz.«xFe'Fe'"1xV"1(PO4);. However,
when more Fe' (thus more Na*) was evidenced in the obtained NASICON, higher amounts of
impurities such as NaFePO4 ( 4 ) and NazPO4 (O) were found, suggesting the formation of a
compound not belonging to the solid solution Nas.xFe'xFe''1xV"1(PO4)3 (with no longer a
molar ratio Fe:V of 1:1). Earlier work on the Fe/V-mixed system3* also reported that the
NaFePO4impurity was formed when x > 0.5 in Nas.xFe'\V'">.«(PO4)s. Although we tried a large
panel of synthesis routes and conditions, we never succeeded to fully reduce Fe into Fe' so

as to form pure NasFeV(POa)s through direct synthesis methods.

Table 1. Unit cell parameters of the target composition NasFeV(PO,); obtained
through various synthesis conditions.

Synthesis conditions a(A) c(A) c/a v (A3) v/z (A3)
Solid-state in Ar 8.9084(8) 21.4629(8) 2409  1475.09(9)  245.84(2)
Sol-gel in Ar/H; 8.9003(3) 21.4634(8) 2412 1472.46(3)  245.41(2)

Sol-gel in Ar 8.8672(3) 21.5745(9) 2.433 1469.09(3) 244.85(2)

Sol-gel in Ar [ref. 35] 8.8833(3) 21.5092(7) 2421  1469.95(5)  244.99(2)

>’Fe Mdssbauer spectroscopy experiments were undertaken to precisely determine the
valence state and local environment of Fe in the resulting samples. The corresponding >’Fe
Mossbauer spectra measured at 298 K and refined hyperfine parameters are displayed in
Figure 1b and Table S1, respectively. The three NASICON samples exhibit various Fe''/Fe"
ratios as shown by the signals labelled Fe'"' and Fe'(1). The sample prepared via sol-gel
reaction and annealed in Ar contains a much larger amount of Fe'' (31(3) % of total Fe) than
for the two other samples. Only 13 % and 10 % of remaining Fe'' are observed in the NASICON
phases in the samples synthesized by the solid-state reaction in Ar and by the sol-gel reaction
followed by an annealing in Ar/H,, respectively. These results are in rather good agreement
with the conclusions already drawn from the XRD data, the two latter samples being much

more reduced and thus richer in Na than the first one (sol-gel in Ar). The second contribution
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attributed to Fe', labelled as Fe''(2), corresponds to 5 % to 11 % of the total Fe amount and is
due to the presence of NaFePQy, identified by XRD to be present as an impurity in the three
samples.?”*® The third contribution attributed to Fe', labelled as Fe'(3), is discussed in

supplementary information only as not identified yet.

Characterization of NasFeV(POys); obtained from NasFeV(POys)s; through electrochemical
sodiation. A pure phase of NasFeV(PQO4)s was prepared by electrochemical sodiation from
NasFeV(POa4)s. The XRD patterns of NasFeV(POs)s (sample A) and of the two samples obtained
by electrochemical sodiation down to cut-off voltages of 2.0 V (sample B) and 1.3 V (sample

C) vs. Na*/Na are presented in Figure 2a.

a ) C-Na,FeV(PO,),
__ |teut-off1.3v) ViZ=246.14 A?
~— |B-Na,,,FeV(PO,),
.é* (cut-off 2 V) m
2 |
o . -
£ |A-NajFeV(PO,),
—_— (as-synthesized)‘ l_\:fz=237.93 A3
Y T T T T W
0.8 1.2 1.6 2.0 24
b) Q (A™") [r=0.8266 A]
30— T r
© A cut-off 2V
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+
© N
=2 25
7
>
=~ 20
[
o
S 15}
O
>
1.0

3.0 3.5 4.0 4.5
x in Na,FeV(PO,),

Figure 2. (a) X-ray diffraction patterns of pure NasFeV(PO,); (black) and of samples obtained
electrochemically: “B” by electrochemical sodiation of NasFeV(PO,)s at a cut-off voltage of 2 V (red),
and “C” at a cut-off voltage of 1.3 V (blue). (b) The corresponding electrochemical data.
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The presence of the extra (111) reflection peak at 0.9 A1 in the XRD pattern of NasFeV(PO4)s
is a clear signature of a monoclinic distortion of the NASICON framework. When Na* is
intercalated via electrochemical process, the monoclinic distortion disappears indicating the
formation of NasFeV(POa)s to occur within rhombohedral symmetry. Note that the detailed
descriptions of both structures will be presented later in this paper. Upon Na* intercalation
into NasFeV(POa)s, through a solid solution mechanism (paper to be submitted) the unit-cell
volume (V/Z) gradually increases from 237.93 A3 for NasFeV(POa)s to 245.35 A3 for sample B,
then to 246.14 A3 for sample C. According to the electrochemical data presented in Figure 2b,
the composition Nas;FeV(PO4); was predicted for sample B (cut-off voltage of 2V). In
literature, a typical lower cut-off voltage for Fe-based NASICON materials is set as 2.0 V vs.
Na*/Na but the Fe"" redox couple is often partially activated.?83%3436 More Na* cations could
be further intercalated by setting the lower cut-off voltage to 1.3 V vs. Na*/Na, which yielded
to the composition NasFeV(POa)s, concomitant with the reaction at ~ 1.5V being likely
attributed to the reaction of carbon black or electrolyte decomposition as reported for the
electrochemical synthesis of NasTi2(POs)s; from NasTi(PO4)3.2° The large voltage difference
between the two compositions was observed and this sluggish sodiation process could be due
to big agglomerates in the sample (Figure S7). Figure S8 shows the electrochemical curve
obtained from a battery cell containing only carbon black clearly suggesting that the second
domain (below 1.5 V) is not attributed to the active material. Based on this observation, the
second domain is mainly due to side reactions with carbon but contribution of side reactions
from electrolyte cannot be excluded. The electrochemically-obtained, pure NasFeV(POa)s (i.e.
without any trace of NaFePO4 or NasPO4) shows a significantly bigger unit-cell volume than

that obtained from direct syntheses.

To further characterize the oxidation states and local environments of vanadium and iron in
NasFeV(POa4)s; and electrochemically-sodiated NasFeV(POa)s, synchrotron X-ray absorption
spectroscopy experiments were conducted, including X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) at the Fe and V K-edges. The
Fe and V K-edge X-ray absorption near-edge structure (XANES) spectra are reported in Fig 3a
and 3b respectively. The edge position of NasFe''V(PQ4)s shifts towards lower energy upon

Na* intercalation, indicating a complete reduction of Fe'' to Fe'' in sample C (Figure 3a), while
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only a partial reduction of Fe is observed in sample B. The low intensities of the Fe pre-edge
features indicate centrosymmetric octahedral environments for both high-spin Fe'!' and Fe'"
(inset of Figure 3a), as predicted for regular MOg octahedra.**>° Concerning the XANES
spectra at V K-edge, the edge positions of the three samples remained unchanged confirming
that vanadium maintains its V"' oxidation state upon Na* insertion. In particular, the reaction
taking place at around 1.5 V Na*/Na does not involve the V""" redox couple with the reduction
of V"into V", most likely because four Na*ions (as maximum) have already been incorporated
in the NASICON structure. Furthermore, the vanadium pre-edge energies and intensities are
preserved, confirming the V""Og regular coordination. The more intense pre-peak at ~5470 eV
is related to a lower V-V coordination compared to that in the NasV,(POa)s reference

compound (inset of Figure 3b).
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Figure 3. X-ray absorption spectroscopy data for pure NasFeV(PQs); (black) and electrochemically-
sodiated samples at cut-off voltages of 2 V (red) and 1.3 V (blue). References for Fe and V K-edge
XAS spectra: Fe'' (NasFe,(P0,)3), Fe" (FeC,04:2H,0), V" (NasV2(PO4)s). See supporting information for
the corresponding EXAFS analysis.
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The analysis of the Extended X-Ray Absorption Fine Structure (EXAFS) oscillations extracted
at both Fe and V K-edges was performed to distinguish the local environment of FeOg and VOg
octahedra in NasFeV(POs4); and in the newly obtained NasFeV(POs)s. As the presence of
regular FeOe and VOs octahedra was already inferred by the XANES data, a single Fe — O or
V-0 scattering path (i.e. 6 equal M-O distances in MOQs) is sufficient to refine the
corresponding EXAFS oscillations in the R range 1-2 A. The obtained structural parameters are
summarized in Tables S2 and S3. We found that the average Fe — O bond distance increases
from 1.986(5) A for the Fe"-rich compound NasFeV(PO.)s to 2.067(5) A for the Fe'-rich
compound NasFeV(PO4);, while that of V-0 remains almost unchanged
(2.018(5) - 2.023(5) A) as expected for these two V"-rich compounds. NasFey(POs)s and
NasV2(PO4)3 were used as references for Fe'' and V!" with average Fe — O and V — O distances
equal to 1.986(5) and 2.018(5) A, respectively, in good agreement with those determined for

NasFeV(POa4)s as well as with those reported in literature for V—0.>!

Na,FeV(PO,), '
(cut-off 1.3 V)

1% abs. ‘

Na,.FeV(PO,); §
(cut-off 2 V)

1% abs.

| 4 NasFeV(PO,);

© (as-synthesized)

R

-t ¢ obs.
calc.

-4 2 0 2 4

Velocity (mml/s)

Figure 4. Room temperature >’Fe Méssbauer spectra collected for NasFeV(PO,)s and for the samples
electrochemically sodiated at cut-off voltages of 2 V and 1.3 V. Each spectrum is described by the
sum of two quadrupole doublets associated with Fe'" (light brown) and Fe'" (dark green). The
corresponding refined hyperfine parameters are reported in Table S4.
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The >’Fe Mdssbauer spectra collected for NasFeV(PO4)s (sample A) and for the two samples
obtained by electrochemical sodiation (sample B and C) are displayed in Figure 4 and the
corresponding refined Mossbauer parameters are listed in Table S4. The spectrum of
NasFeV(POa4)s supports the successful synthesis of a pure phase, the quadrupole doublet
accounting for 97(3) % of the total Fe amount, despite a very tiny contribution (3(3) %)
associated with a partial reduction of Fe" into Fe'. The Méssbauer parameters describing the

main signal are typical of high-spin Fe'

in an octahedral environment with oxygen
surrounding.”® >3 The Mdssbauer spectra of electrochemically sodiated samples clearly show
the reduction of Fe'"' to Fe' without any impurity signal. The spectrum of NasFeV(PO4)3
(sample C) indicates the main doublet associated with Fe' corresponding to at least 87(3) %
of the total Fe amount. A trace of Fe'" signal was observed in the Méssbauer spectrum, which
is not the case for XAS data probably because long acquisition (over 72 hours) for the

Madssbauer spectroscopy may cause a slight oxidation of Fe'. Full determination of the

composition and structure of NasFeV(PO4); and NasFeV(PQO4)s is given in the following, based

on XRD data.
Na;FeV(PO,); at 298 K S.G.= C2/c (Z=4)
subcell model 1 a=15.140 A; b=8.726 A
(some peaks are not indexed) ¢c=8.809 A: ﬁ=1 25 1°
g ] ) -
=
L)
=
7))
c
Q
]
=
[ I 11 i nm i nmmn TmEmnmmn e |
e
1 2 3 4 5

Q (A1) [A=0.8266 A]

Figure 5. Le Bail analysis of NasFeV(PO,)s XRD pattern with the subcell model reported in the
literature [ref 30]. Asterisk marks refer to the unindexed superstructure reflections.
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Crystal structure determination of NasFeV(POs); and NasFeV(PO4); : A structural model
reported in the literature for NasFeV(PO4)s 3° was used as a starting point to describe the
crystal structure of the NaszFeV(POa4)3 sample obtained in this study : space group C2/c (Z = 4)
with a=15.140(2) A, b=8.726(2) A, ¢=8.809(2) A, B =125.1(2)°, and V/Z=238.0(2) A%. As
shown in Figure 5 the subcell model allows to index the main reflections but, as highlighted
with asterisks in the Q-range of 2.5-2.85A" (inset of Figure 5), few of them remain
unindexed and would correspond to superstructure reflections. Thermal analyses combining
DSC and in situ temperature XRD were performed to confirm the existence of possible order-
disorder phase transitions depending on the temperature, as already observed for the two
end members of the solid solution NasFe,xVx(PO4)3 (NasFez(PO4)3 %1 and NasV2(PO4)3 2%, as

illustrated in Figure 6.

a) B8~ ' ' ' N b) Soc
exo 89.4°C Heating
o~ 0.20-1 Cooling ] t
e .
z Y] 123.2°C "
S 0.05 150
s 000 % PV
+ -0.05] \’ 116.2°C i
-0.10 ] 6 oc ] 3
0.151— . : : : 2
50 100 150 200 250 2.6 2.7 2.8 29
Temperature ('C) Q[A"] (2=Co Ka, ,)
240.5 — T T T - r T
C) = Heating > d) 150°Cc 3 110°C
2400} ® Cooling st '\
" 5 .
g ! / 70°C
2395} s
N 2
> 2390+ a-NASICON B- y-NASICON | B
(C2/c) NASICON (R-3c) 5
238.5t k=
= —
.t
238.0f sum ®
20 40 60 80 100 120 140 160 220 222 224 226 2.28
Temperature (°C) Q (A" [A=Co Ka, 5]

Figure 6. (a) DSC measurements of NasFeV(PO4); between 25 and 275 °C, upon heating and upon
cooling. (b) XRD patterns collected in situ for NasFeV(PO4)s every 10 °C upon heating up to 150 °C
and then upon cooling down to 30 °C. (c) The corresponding V/Z evolution as a function of the
temperature. (d) Selected in situ temperature XRD patterns collected before and after the phase
transitions (70, 110, and 150 °C). The XRD patterns of the intermediate B phase were refined using R-
3c space group for comparison purpose.
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According to DSC data (Figure 6a), two reversible phase transitions are indeed observed for
NasFeV(POg4)s at around 89.4 °C and 123.2 °C during heating, the specific heat capacity of the
first phase transition (4.0 J/g) being much higher than that of the second one (0.7 J/g). In situ
temperature XRD measurements further confirm the order-disorder phase transitions.
Indeed, as clearly seen in Figure 6b the superstructure reflections observed for the ordered
phase for instance at 2.74 At and 2.80 A"t completely disappear above 80 °C during heating
(until 150 °C), and reversibly appear again upon cooling back to 30 °C. No detailed structural
study of the intermediate B phase was reported yet and therefore the XRD patterns were
refined using the R-3c space group for a comparison purpose. The V/Z evolutions observed as
a function of the temperature (Figure 6¢) show that a significant cell volume change occurs
during the first phase transition (a < B), whereas only progressive cell volume changes are
observed during the second phase transition (B < y). A zoomed view of the XRD patterns
corresponding to the three identified forms of NasFeV(PQOa4)s (o, B and y) is shown in Figure
6d. It is very likely that the crystal structures of the B and y phases are indeed very closely

related and only subtle site occupancy changes of the Na sites are expected to occur.

We determined the crystal structure of NaszFeV(POa)s from Rietveld refinement using high-
angular resolution synchrotron XRD powder pattern and considering a unit cell tripled along
c-axis compared to that proposed by Zhou et al.3® The result of Rietveld refinement is
illustrated in Figure 7a and the corresponding structural parameters are listed in Table 2.
NasFeV(PO4)s crystallizes in a monoclinic cell (space group C2/c, Z=12) with the lattice
parameters of a = 15.1394(2) A; b = 8.72550(12) A; ¢ = 21.6142(3) A; 8 = 90.1744(9)°, and
V/Z = 237.932(6) A3. It is noteworthy that this model can fully explain the reflections which
were not indexed with the sub-cell model (inset of Figure 7a compared to inset of Figure 5).
Similar unit cells have been reported for the structures of the two end members, a-
NasFes(P04)31%1113 measured at 298 K and for a-NasV>(PO4)s® at 263 K, and thus we can

conclude that the a form of NaszFeV(PQ4)s is isostructural with the two end members.
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Na,FeV(PO,),

$.G.= C2/c (Z=12)
a=15.139 A; b=8.726 A |
c=21.614 A; $=90.2°

N T o
[ 25 26 27 28

Intensity (a.u.)

10 WERUIEE QT o mannwe lllll-ln_ﬁ
| P L
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Q (A7) [r=0.8266 A]
b)
Na,FeV(PO,), S.G.= R-3¢ (Z=6)
i a=8.947 A; c=21.305 A
3
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Figure 7. Rietveld refinement of (a) NasFeV(PO4);and (b) NasFeV(PO4)s.

Table 2. Refined structural parameters of NasFeV(PO,)s at 298 K. The approximated coordinates of
the vacancies are obtained from group-subgroup relation using the POWDER CELL software.* To
find the coordinates, initially R-3c space group unit cell was introduced and transformed to P-3c (lla,
Op-3c=0R-3¢, bp3c=br3¢, Cp3c=Cr-3c) then C2/c (1, acosc= Ap-ac - bp-ac, beaje = Ap-ac + bp.ac, Ccojc = Cp-ac). Due to
the cell transformation, Na(1) and Na(2) sites in the R-3c space group split into two Na(1), and five
Na(2) sites (containing two vacancies) in the C2/c space group, respectively.

Na3FeV(P04)3
Space group: C2/c (#15), Z=12
a=15.1394(2) A; b = 8.72550(12) A; c = 21.6142(3) A; 8 = 90.1744(9)°
V=2855.19(8) A3; v/7=237.932(6) A3
Rwp = 4.36 %; R = 2.87 %; Roragg = 5.50 %

Atom Wyckoff x/a y/b z/c Uiso, A2 Occ.
Fe/V(1a) 8f 0.0015(8) -0.0004(13) 0.3532(7) 0.0078(9) 0.5/0.5
Fe/V(1b) 8f 0.3340(10) 0.0015(14) 0.3146(7)  0.0078(9) 0.5/0.5
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Fe/V(ic)
P(1a)
P(1b)
P(1c)
P(1d)
P(1e)

Na(1a)
Na(1b)
Na(2a)
Na(2b)
Na(2c)
Vacancy(1)
Vacancy(2)
O(1a)
0O(1b)
O(1c)
0O(1d)
O(1e)
0(1f)
O(1g)
O(1h)
0(1i)
0(2a)
0(2b)
0O(2¢c)
0(2d)
0O(2e)
0(2f)
O(2g)
0(2h)
0(2i)

0.3336(9)
0.1855(16)
0
0.3526(4)
0.5206(14)
0.1682(17)
0

0.347(2)
0.1838(19)
0.014(2)
0.169(3)
0.337

0

0.261(3)
0.249(2)
0.084(2)
0.341(3)
0.429(2)
0.084(3)
0.093(2)
0.510(3)
0.176(3)
0.245(3)
0.572(3)
0.403(3)
0.002(2)
0.153(2)
0.189(2)
0.393(3)
0.231(3)
0.571(2)

0.0023(13)
0.147(3)
0.296(4)
0.3591(5)
0.148(3)
0.210(2)
0
0.055(2)
0.188(3)
0.320(4)
0.136(3)
0.307
0.307
0.432(6)
0.106(5)
0.396(5)
0.185(3)
0.076(5)
0.112(5)
0.074(5)
0.321(3)
0.321(3)
0.107(5)
0.134(5)
0.396(5)
0.206(5)
0.327(4)
0.292(4)
0.429(5)
0.091(4)
0.070(5)

0.0190(7)
0.4179(9)
0.25
0.2525(2)
0.0804(9)
0.0879(9)
0
0.1662(15)
0.2599(10)
0.4138(12)
0.5872(15)
0.083

0.75
0.246(2)
0.079(2)
0.243(2)
0.258(2)
0.079(2)
0.084(2)
0.414(2)
0.088(2)
0.4172(19)
0.3626(16)
0.0190(14)
0.1939(14)
0.3104(14)
0.0375(13)
0.1495(13)
0.3108(15)
0.4774(15)
0.1320(14)

0.0078(9)
0.0081(8)
0.0081(8)
0.0081(8)
0.0081(8)
0.0081(8)
0.024(10)
0.024(10)
0.024(10)
0.024(10)
0.024(10)

0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)
0.0056(12)

0.5/0.5

[

R R R R R R R R R R RB R R R RB R R PR OO0 R R R RRRR R R

The new NasFeV(PO4); composition crystallizes in the rhombohedral space group R-3c¢ with

a=8.94656(8) A, c=21.3054(3)A, and V/Z=246.140(4) A* (Z=6). Similar unit cell

parameters

are observed for

Na4Fe2(PO4)356

(a = 8.9543(9) A,

c=21.280(4)A and

V/Z=246.26(7) A3) and NasV2(POa)3® (a=8.94(1)A, c=21.36(2) A and V/Z=246.3 A3).

Although the ionic radii of Fe' and V" on one side and of Fe'' and V" on the other side are
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comparable (0.92A vs. 0.93A, and 0.785A vs. 0.78 A, respectively), the a parameter
decreases and the ¢ parameter increases as Iron is replaced by Vanadium. The results of the
structural refinement by the Rietveld method are illustrated in Figure 7b. As the unit cell
volume of NasFeV(PO4)s increases versus that of NasFeV(POai)s (+3.4 %) due to the
intercalation of one additional Na*, most of the peaks shift towards lower angles and many
reflections disappear since the transition from a monoclinic supercell to a rhombohedral cell

increases the symmetry (inset of Figure 7b). The structural parameters are summarized in

Table 3.
Table 3. Refined structural parameters of NasFeV(PO,)s at 298 K.
N34FEV(P04)3
Space group: R-3c (#167); Z=6
a = 8.94656(8) A; c = 21.3054(3) A; ¢/a = 2.381
V=1476.84(3) A3; V/7=246.140(4) A3
pr =125 %, Rp =15.1 %, Rbragg =5.03%
Atom Wyckoff x/a y/b z/c Uiso, A2 Occ.
Fe/V(1) 12c 0 0 0.1483(3) 0.0066(3) 0.5/0.5
P(1) 18e 0.2967(5) O 0.25 0.0115(5) 1
Na(1) 6b 0 0 0 0.0203(15) 0.958(5)
Na(2) 18e 0.6414(9) 0 0.25 0.0224(13) 0.958(8)
0(1) 36f 0.0134(9) 0.2064(9) 0.1921(4) 0.0166(9) 1
0(2) 36f 0.1858(6) 0.1701(9) 0.0848(5) 0.0136(8) 1

Figure 8 gives a schematic representation of the “lantern” units with adjacent Na* ions in
NasFeV(PO4)s and NasFeV(POa4)s. For NasFeV(PO4)s, two types of lanterns are observed due to
Na* ordering and thus to different Na* distributions around both of them. On the contrary a
single environment is observed in NasFeV(PQO4); as the Na sites are fully occupied. Indeed,

only 6 atomic positions are necessary to describe the structure of NasFeV(PQ4)s; whereas 31
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independent atomic positions are required to fully describe that of NasFeV(POa.)s because of
the symmetry reduction. In NasFeV(PO4)s, the Na(1) site (6-fold coordination, 6b) in the
rhombohedral form splits into Na(1a) and Na(1b) sites while the Na(2) site splits into five
different ones: the fully occupied Na(2a), Na(2b), and Na(2c) sites and two emptied sites (4e
and 8f Wyckoff positions, see Table 2). Therefore, each Na(1a) or Na(1b) atom is surrounded
by four occupied neighboring Na(2a), Na(2b) or Na(2c) positions and two Na* vacant sites in
NasFeV(POg4)s (Figure 8). In NasFeV(PQO4)s, the two sodium sites Na(1) and Na(2) are almost
fully occupied, with occupancy factors higher than 0.95. The composition, as determined from
the analysis of the XRD data is thus Nas g33)FeV(POa)s. For comparison the occupancy factors
of Na(1) and Na(2) sites in NasMnV(PO4)3 are 0.96 and 1.00, respectively3!, or 0.949(9) and
0.904(4), respectively3?.

a-NASICON Na,FeV(PO,); (c2/c) y-NASICON Na,FeV(PO,); (R-3¢)
D Na(2b) Na(2c) Na(2b) Na(2¢c) Na(2) Na(2) Na(2)
Na(te) Na(1)

Na(2b)

Na(2)
»

FelV(a)

P(c)

FelV(c)

Na(2c)

) Na(1b)

i 979'0 0%, v e v, b
O 2
EXAFS EXAFS
m XRD Fe'
/ 1.986(5) A 2.067(5) A
VIIl Vi
2.01(4 A 2.062(7 A
@ 2. 018(5) A 7) 2.023(5) A

Figure 8. (top) Schematic representations of Na* distributions in NasFeV(PO4); and NasFeV(PO,)s.
(bottom) lllustration of average and local environments in the first coordination shells obtained by
XRD and EXAFS, respectively.

21



The selected interatomic distances determined in NasFeV(PO4); and NasFeV(POa)s are

summarized with bond valence sum values and polyhedron distortion parameters in Table 4.

Table 4. Selected interatomic distances in NasFeV(PO,); and NasFeV(PQ.); with the average

interatomic distance (Avg.), the bond valence sum (BVS) and the polyhedral distortion (A). BVS is

calculated from the Zachariasen formula, V; = ¥ ; exp(

. . o 1
pair.>” Polyhedral distortion is calculated from A = ;Zlivzl

To _rij
0.37
(di - d)*

), Where 1y characterizes a cation-anion

z where N is number of considered

bond distances, d; is the bond distance between central atom and oxygen, and d is the average bond

distance considered.

0(2a) 2.50(4)

0(2d) 2.96(5)

0(2f) 2.56(4)

0(2b) 2.47(4)
0(2d) 2.45(4)

0(2e) 2.74(4)
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0(2a) 2.82(5)
0(2b) 2.89(4)

0(2g) 2.46(4)

NasFeV(POa4)s (€C2/c) NasFeV(POa4)s3 (R-3c)
Fe/V(la) O(1f) 2.12(4) Fe/V(1b) O(1a)2.03(4) Fe/V(1lc) O(1b) 2.04(4) | Fe/v(l) 01 3x2.018(7)
O(1g) 2.01(4) O(1c) 1.99(4) O(le) 2.03(4) 02 3x2.106(8)
O(1h) 2.02(4) 0(1d) 2.02(3) O(1i) 2.10(4)
0(2c) 1.99(4) 0(2a) 1.94(4) 0(2b) 2.04(4)
0(2d) 2.03(4) 0(2f) 2.01(4) 0(2e) 1.93(3)
0(2g) 1.97(4) 0(2i) 1.93(4) 0(2h) 1.97(4)
Avg. 2.02(4) Avg. 1.99(4)  Avg. 2.02(4) Avg. 2.062(7)
BVS 2.96(4) BVS 3.19(4)  BVS 2.93(4) BVS 2.54(2)
A(x10%) 5.4 A(x10%) 3.8 A(x10%) 7.1 | A(x10%) 3.9

Na(la) O(1f) 2x2.42(4) Na(lb) 0O(1a)2.73(6) Na(l) 02 6x2.398(11)
O(1g) 2 x 2.42(4) 0(1b) 2.44(5)
0(1h) 2 x 2.42(4) 0O(1c) 2.62(6)

0(1d) 2.29(4)
O(1e) 2.28(5)
o(1i) 2.75(5)
Avg. 2.43(5) Avg. 2.52(5) Avg. 2.398(11)
BVS 1.09(2) BVS 1.00(2) BVS 1.19(2)
A(x10%) 0.9 A(x10%) 59.2 A (x 10%)

Na(2a) O(1a)2.44(5) Na(2b) O(1e) 2.40(5) Na(2c) O(1b)2.43(5) Na(2) 01 2x2.950(11)
0O(1a) 2.40(5) 0(1f) 2.35(5) 0(1f) 2.51(5) 01 2x2.565(9)
0O(1c) 2.39(5) 0(1g) 2.46(5) 0(1h) 2.43(6) 02 2x2.509(10)
0(1d) 2.39(5) 0O(1i) 2.47(6) 0o(1i) 2.37(6) 02 2x2.490(8)




0(2g) 2.97(5) 0(2i) 2.71(4) 0(2h) 2.58(4)

Avg. 2.58(5) Avg. 2.51(5)  Avg. 2.56(5) Avg. 2.628(10)
BVS 1.19(2) BVS 1.27(2)  BVS 1.13(2) BVS 0.95(2)
A(x10%) 100 A(x10%) 285  A(x10%) 48.3 A (x10%) 49.30

The average M — O (M = Fe, V) distance determined by XRD analysis increases from 2.01(4) A
in NasFeV(PO4)3 to 2.062(7) A in NasFeV(POa)s, leading thus to an increase of the MOs
octahedra volume (+7.5 %) within the same order of magnitude than polyhedral distortion.
However, the M —M distance within the lantern unit slightly decreases from 4.439(13) to
4.322(12) A as well as the average Na(1)— O distance which decreases from 2.48(5) to
2.398(11) A, leading thus to a significant decrease of the ¢ parameter from 21.6142(3) A to
21.3054(3) A. The average Na(2) — O distance increases from 2.55(5) A in NasFeV(POa)s to
2.628(10) A in NasFeV(POa)s. Bond valence sum (BVS) calculations result in an average value
of 3.03(4) for Fe/V in NasFe"V"(PO4)s; and of 2.54(2) in NasFe"V"(PO4) well consistent with
both nominal chemical compositions. The BVS calculations also give reasonable values for Na
in both compositions: 1.00(2) —1.27(2) for NasFeV(POs)s and 0.95(2)-1.19(2) for
NasFeV(PQOa4)s (see Table 4).

Table 5. Comparison of the unit cell volumes (V/Z) and the average M — O (M = Fe, V) distances
obtained by X-ray diffraction and X-ray absorption (EXAFS) for NaxFez(PQa)s, NaxFeV(PQs); and
NayV2(POs)s (x = 3, 4).

X-ray Diffraction X-ray Absorption
Composition
v/z (R3) Avg.Fe/V-0(A) | Fe-0(A) v-0(A) Avg. Fe/V -0 (A)
NasFey(POs); | 237.1(2) (¢ 2.004(13) [t 1.986(5) - -
NasFeV(PO4)s | 237.932(6) 2.01(4) 1.986(5) 2.018(5) 2.002(5)
Na;3V2(PO4)s 237.786(2) " 2.003(5) © - 2.018(5) -

NasFey(POs)s | 246.26(7) 9 2.070(6) ¢! - - -

NasFeV(PO,); 246.140(4) 2.062(7) 2.067(5) 2.023(5) 2.045(5)
246.3 119 - - - -
Na4Vz(P04)3
246.819(3) 2.071(18) - - -
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Furthermore, unit cell volumes (V/Z) and average M—-0 (M =Fe, V) distances within
NasFeV(PO4)s and NasFeV(PO4)s, obtained by XRD and EXAFS analysis are compared with
those of the two end members, NaxFez(POs)s and NayV2(POs)3 (x=3 and 4), in Table 5.
NasFeV(POa4)s shows cell volume and M — O distances similar to the two end members: V/Z
values of 237.1(2) 19, 237.932(6), and 237.786(2) ° and M — O distances of 2.004(13) %%, 2.01(4),
and 2.003(5) °A for M =Fe, Fe/V, and V in NasM;(POa)s, respectively. The three Nas-
compounds also show similar values in cell volume and M -0 distances: V/Z values of
246.26(7) °°, 246.140(4), and 246.3 *° and M- 0O distances of 2.070(6) °®, 2.062(7), and
2.071(18) A for M = Fe, Fe/V, and V in NasM3(POa)s, respectively. Overall, the average M — O
distances determined from XRD data are highly consistent with those determined from

analysis of EXAFS data.

Electrochemical extraction of Na* from NasFeV(PO,)s. The electrochemically-sodiated
NasFeV(POa4)s3 electrode was cycled between 1.3 and 4.3 V vs. Na*/Na at a C-rate of C/20 per
Na* ion (Figure 9a). Upon the oxidation process, about 2.76 Na* ions are progressively
extracted through the successive activations of the Fe'!, VIV and VYV redox couples,
leading to a specific capacity of 153 mAh/g. In fact, the activation of the VV/"V redox couple
above 3.9 V vs. Na*/Na was also observed for other V-based NaxM,V2.y(POa)3 (M = Al,*® Cr,?’
Mn,3132 Fe, 3435 and Mg38) compounds. Furthermore, only two voltage domains are observed
during discharge associated with the re-insertion of “only” 2.36 Na* ions, highlighting the
asymmetry of the mechanisms involved upon charge and discharge. Apart from the
asymmetric behavior, the electrochemical performance could be further optimized with a
proper electrode engineering since the as-synthesized pristine powder of NasFeV(POQa)s is a
bare powder without carbon coating and characterized by rather big agglomerates (> 20 um)
(Figure S7). The two-domain behavior observed during discharge is quite different from the
single solid solution behavior reported in NasMnV(PQOs); between 2.5 - 4.3 V vs. Na*/Na.3! On
the one hand, NasMnV(POas)s shows an irreversible structural modification immediately
occurs after the first charge and poor cyclability was observed, showing the capacity retention
of about 40 % after 20 cycles.3! On the other hand, NasFeV(PO4); maintained its asymmetric

mechanism during the next cycles and the capacity retention was almost doubled (ca. 78%)
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after 20 cycles. Figure 9b presents the charge and discharge capacities of the
electrochemically-sodiated NasFeV(POa)s electrode upon 20 cycles, showing the discharge
capacities of the first and 20" cycles are 137.8 and 108.7 mAh/g, respectively. In order to
clarify the origin of the electrochemical properties in this newly obtained pure NasFeV(POa)s,
in-depth  structural and spectroscopic-related operando studies of the Na*

extraction/insertion mechanism are currently in progress.
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Figure 9. (a) Voltage-composition electrochemical profile of the electrochemically pre-sodiated
NasFeV(PO4)s during the first two cycles with a voltage window of 1.3 — 4.3 V vs. Na*/Na at C/20 rate.
(b) Associated charge and discharge capacities upon 20 cycles
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Conclusion

We report for the first time on the rich crystal chemistry of the newly isolated NasFeV(PQOa4)s
composition as well as on the previously investigated NasFeV(POa)s; for which we propose a
new, more accurate model thanks to the analysis of high-angular resolution synchrotron X-
ray diffraction data. This new structural model for NasFeV(POQa); at 298 K (a, C2/c, Z=12) can
explain all the superstructure reflections due to long-range Na* ordering and is isostructural
to the low-temperature form of NasM(PO4); (M =Fe, V). The observation of structural
transitions (a <> B at 89 °C and B <y at 123 °C) with and without the superstructure
reflections further confirms the propensity of Na* order/disorder phenomena within
NASICON materials. NasFeV(PQa.)s crystallizes in the R-3c space group as other Nas-
compounds reported in the literature, within which both Na(1) and Na(2) sites are almost fully
occupied. Symmetric iron and vanadium local environments were found in both NaszFeV(POa)3
and NagFeV(POas)s. Upon Na* intercalation into NasFeV(PO4)s, XANES and Maossbauer
spectroscopies have shown the Fe reduction from (lll) to (Il) while the oxidation state of V
remains (lll). These results were also confirmed by EXAFS analysis, with the Fe — O bond length
increasing from 1.986(5) A to 2.067(5) A while that of V — O remained almost unchanged and
close to 2.02 A. Therefore, we demonstrated that the substitution of V" by Fe' in
NasFeV(PQOa4)s allows more than two Na* exchange per two transition metals (about 2.36 Na*)
through Fe'", vVV/I and VV/V redox couples. Such a strategy can provide not only an increase

in the specific capacity but also better sustainability.
Supporting Information

>’Fe Méssbauer refined parameters, powder patterns, EXAFS data, SEM images, and

electrochemical curve of carbon electrode
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