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Abstract

V4+/3+ V5+/4+

Vanadium multi redox reactions of and can contribute to significant

capacity gain in positive electrodes for Na-lon batteries, but the activation of V°>*4*
redox couple is often accompanied by asymmetric and irreversible electrochemical
reactions that are very important to understand for developing high capacity
materials while maintaining the structural stability. Here, the asymmetric Na’
extraction/insertion process in Fe/V-mixed NASICON NasFeV(PO,)s electrode
material is thoroughly investigated from both local and bulk perspectives. X-ray
diffraction analysis demonstrates that the Na(l) site is depopulated at the third
charge domain when the of V*"** redox couple is activated. Local environments of
Fe and V were investigated through Méssbauer and X-ray absorption spectroscopies.
The results point towards the existence of a distorted VOg octahedral environment,

including a short V — O bond, when the V°"4*

redox couple is activated at high
voltage. This study presents valuable aspects of the asymmetric behavior during
multi-electron reactions that are commonly observed in V-based NASICON

materials.



Introduction

Since the NASICON (Na-superionic-conductors) structure was initially proposed for
fast Na* ionic transport by Hong and Goodenough in 1976, today it is studied as
solid electrolytes, electrode materials as well as coating materials for different battery
technologies (Li-ion, Na-ion and all-solid-state batteries) by tuning its composition.™®
In the late nineties, LisM2(PO4)s (M= V, Fe) NASICON compositions were for
instance widely investigated as positive electrode materials for Li-ion batteries.®™? In
more recent years, with the explosion of research activities within the Na-ion battery

field, Na-rich NASICON-type electrode materials are back in the spotlight.**®

It is well known that the NASICON structure of general formula AyMM’(XOy4)3 (A = Li,
Na, X = P, S, Si) can lead to long electrochemical cycle life due to its robust 3D open
framework. Nevertheless, up to now, its specific capacity was generally limited to
100-120 mAh/g with the exchange of 2 Na* ions per formula unit corresponding to
that of 1 e per transition metal ion.*®%* Therefore, the challenge is to improve the
specific capacity of NASICON-type materials while maintaining their high structural

stability.

One way to increase this specific capacity is to consider transition metals that can
exchange more than 1 e. For instance, Mn and V can involve multi-electron
reactions with the Mn**/Mn®*" and Mn®**/Mn?* redox couples for the first, and V°*/v**

and V*/V* for the second. Compositions were thus explored combining Mn at the

4+/3+ 14-16 4+/3+ 17,18

divalent state with Cr or Ti

3+/2+ 21-24

, as well as V at the trivalent state with

Mn3+2+ 19.20 . In more recent years, mixing even more than two

or Fe
transition metals such as VMngsFegs,?? VogAlooMn,? and FegsMno4Vo4Tio4Cros?°
was investigated attempting, similarly to strategies widely developed in layered
oxides, to reach higher specific capacity and energy density while maintaining good

capacity retention.

In the case of the mixed Fe/V system NasFe*V**(PO,)s three distinct voltage
domains are identified in the charge process when extracting Na* from the structure



including the V°"** redox couple at high voltage. Only two domains are then
observed during the subsequent discharge with the voltage-composition profile
becoming more sloping.?*** The Fe/V-mixed NASICON compounds show relatively
good electrochemical cycling stability maintaining this asymmetric electrochemical
reaction in the following cycles.? The demonstration of the multi-electron

reactions of vanadium in this system was already reported in several studies %*

242128 \nhile the reason for the asymmetric electrochemical reaction mechanism still
remains not understood. Here we thus challenge the comprehension of the Na®
extraction/insertion mechanism in NasFeV(PO,)s, including the V>*/V** redox couple
that is activated at high voltage, combining operando synchrotron X-ray powder
diffraction to Mdéssbauer and X-ray absorption spectroscopies. These new insights
obtained at both the long and local scales will give a detailed description of the local
environments of iron and vanadium, at the origin of the electrochemical activity of

NasFeV(PO,); and directly related to its asymmetry between charge and discharge.

Experimental

Synthesis: NaysFeV(PO,); was prepared by an electrochemical pre-sodiation
method using NasFeV(PO,)s; as a precursor. To prepare NazFeV(POy)s,
stoichiometric amounts of NazPO, (Acros organics, 96 %), FePO42H,0O (Sigma-
Aldrich) and home-made VPO, in a molar ratio of 1:1:1 were ball-milled using a
SPEX 8000 miller for 1 h. VPO, was synthesized by mixing of stoichiometric amount
of V.05 (Alfa Aesar, 99,6%), H3PO, (Alfa Aesar, 85%), and agar-agar (Fisher
BioReagents) in deionized water at 80 °C. The resulting powder was milled and
annealed at 890 °C for 2 h in Ar. The resulting powder was heat-treated at 400 °C for
4 hours in Ar, and followed by annealing at 800 °C for 10 hours in Ar. Then, the
obtained NazFeV(PO,)s; powder was electrochemically sodiated to form
NasFeV(POy4): down to a cut-off voltage of 1.3 V vs. Na‘/Na, using Na metal counter
electrode in a half-cell configuration. The electrolyte used for the pre-sodiation was
composed of 1 M NaPFg in ethylene carbonate (EC) / dimethyl carbonate (DMC)
(2:1, wiw) with 2 wt.% of fluoroethylene carbonate (FEC). More detailed synthesis

descriptions can be found elsewhere.?*



The morphology of the as-prepared NasFeV(PO,); powder was examined by
scanning electron microscopy (SEM) with a Hitachi Model S-4500 microscope.

Electrochemical Measurements: Electrochemical tests were performed in
CR2032-type coin cells with a half-cell configuration. The working electrode was
comprised of the pre-sodiated NasFeV(PO,)s, carbon black (Alfa Aesar, 99.9+%),
and polytetra-fluoroethylene (PTFE, Sigma-Aldrich, 99.9 %) as a binder with a ratio
of 68/29/3 in wt.%. The mass loading of the active material in the electrode was 16.5
mg/cm?. Na metal was used as a counter/reference electrode. The same electrolyte
used in the pre-sodiation step was used for all the electrochemical tests. One sheet
of each Whatman glass fiber (GF/D) and Celgard was used as a separator. The
battery cell was cycled with a C-rate of C/15 (=15 h for the exchange of 1Na* / 1e")
with a voltage window of 1.3 — 4.3 V vs. Na*/Na.

Operando Synchrotron X-ray Diffraction: Operando synchrotron X-ray powder
diffraction (XRPD) measurements were carried out on the MSPD beamline of the
ALBA synchrotron in Spain®® using Debye-Scherrer geometry with a wavelength of
0.8266 A. The SXRPD patterns were recorded every ~30 minutes with an acquisition
time of ~3.5 minutes in the 26 angular range of 2—40°, with a 26 step size of 0.006°
using a MYTHEN detector. An in situ coin cell with two glass windows was used. The
pre-sodiated NasFeV(PO,); electrode with the same formulation (68/29/3 in wt.%)
was used with the mass loading of the active material of 17.3 mg/cm?®. One sheet of
Whatman glass fiber (GF/D) was used as a separator. The in situ battery cell was
cycled with a C-rate of C/15 in a voltage window of 1.0 — 4.3 V vs. Na'/Na.
Diffraction data analysis was performed using the FullProf Suite.*® The evolution of
the unit cell volume per formula unit (V/Z) was analyzed with a profile matching

mode and several selected XRPD patterns were analyzed with the Rietveld method.

Méssbauer measurements: °’Fe Mossbauer spectra were recorded using a
constant acceleration Halder-type spectrometer in transmission geometry with °’Co
source at room temperature. Calibration of the velocity scale was done with a pure a-

Fe® foil as reference. Mdssbauer parameters including isomer shift (5), quadrupole



splitting (A), full-width at half-maximum (I") and relative area (%) were refined using
the WinNormos software (Wissenschaftliche Elektronik GmbH).

X-ray absorption spectroscopy (XAS): XAS measurements were performed in
transmission mode at the ROCK beamline of the SOLEIL synchrotron in France.*! A
Si(111) quick-XAS monochromator was used with an oscillation frequency of 2 Hz at
the Iron and Vanadium K-edges. Three ionization chambers were used as detectors
and the energy calibration was ensured by placing Fe or V foils between the second
and the third ionization chamber. The Fe and V XAS spectra were recorded on the
same ex situ sample by averaging over 10 minutes of acquisition time. The analyses
were performed with Athena and Artemis from the Demeter software package.®* The
oxidation state of Fe and V was inferred by the edge position taken at normalized
absorption of 1. The detailed procedures of the data analysis were described in our

previous work.*

Results and Discussion

As reported in our previous work*, the pre-sodiated NasFeV(PO.); compound
recovered at 1.3 V vs. Na'/Na crystallizes in a structure described in the R-3c space
group, and no impurities such as NaFePO, and NazPO, were detected based on
XRD analysis (Figure S1). The refined cell parameters using the Rietveld method
are a = 8.94656(8) A, ¢ = 21.3054(3) A, V/Z = 246.140(4) A3, and occupancy factors
for the Na(1) and Na(2) sites are 0.958(5) and 0.958(8) respectively, resulting in the
Nas s33FeV(PO4)s global composition.

SEM images of the as-prepared NazFeV(PO,)s; powder (Figure S2) show that most
of the particles’ sizes are in the range of several hundred nanometers to few
microns, but rather large agglomerates (> 20 ym) were also found. Optimization of
the particle size was out of the scope in this study, although particle size distribution

of the active material can influence the electrochemical performance.

Electrochemical voltage profiles of the as-prepared NasFeV(PO,)s within two voltage

windows of 2-3.75 V (vs. Na*/Na) and 2-4.3 V and of the pre-sodiated NajFeV(PO,)s
6



within the voltage window of 1.3-4.3 V are compared in Figure S3. The voltage
profiles ascribed to the V**3* and V°*"*" redox couples of the as-prepared
NaszFeV(PO,); are shown to be very similar to those observed for the pre-sodiated
NasFeV(POy,)s, although the former compound does not show the redox activity of
Fe3"2*. As can be seen from the comparison of the two voltage windows of 2-3.75 V
and 2-4.3 V, the voltage profile of the as-prepared NaszFeV(PO4); becomes sloping

once V°**" redox couple is activated.

Specific Capacity (mAh/qg)
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Figure 1. Electrochemical charge and discharge curves obtained for the pre-sodiated
NasFeV(PO,); electrode material when cycled in a half cell versus Na metal between 1.3 -
4.3 V with a C-rate of C/15 (1 Na" in 15 h).

To investigate the mechanism of the asymmetric electrochemical reaction occurring
during charge and discharge, galvanostatic charge-discharge data of NasFeV(PO4)3
were recorded between 1.3 V and 4.3 V with the C-rate of C/15 (= 1 Na® exchanged
in 15 hours). Voltage profile versus composition during the first cycle, and the
corresponding derivative (dQ/dV) plot are presented in Figure 1. During charge,
three voltage domains are observed at around 2.52 V, 3.45 V, and 3.99 V. Note that
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the second domain can be divided into three sub-domains: It starts with a small
solid-solution subdomain then followed by a voltage plateau, and then by a rather
sloping curve again. This can also be seen in the corresponding derivative curve
(inset of Figure 1), and in the voltage profile of quasi-galvanostatic intermittent
titration technique (GITT) as shown in Figure S4 During discharge, however, only
two main domains are found with the average voltages of 3.44 V and 2.48 V, with all

over the composition range a more sloping voltage curve.

Na,Fe?*V3*(PO,), 0-0:0
8 Na(1) — ©
(3] (]
Na(2)

Intensity (a.u.)

L N —

5 10 15 20 25 30 35 40
20 [°] (1=0.8266A)

Figure 2. Rietveld refinement profile obtained for Na;FeV(PQO,)s, from the synchrotron XRPD
pattern collected with the in situ cell before cycling. The asterisk marks indicate the reflection
peaks associated to PTFE, Na metal and Al foil (see the details in Figure S3). Refined
structural parameters is listed in Table S1.

A series of synchrotron XRPD patterns were collected operando during the
electrochemical cycling of NasFeV(PO4); vs. Na metal to investigate the structural
evolution associated with each electrochemical signature observed during Na*
extraction/insertion from NasVFe(PO,4)s. Figure 2 shows the XRPD pattern of
NasFeV(PO,)s collected in the in situ cell before electrochemical operation. The
excluded regions indicated by asterisk marks originate from the Na metal and the Al

foil, and they were not considered during the refinement (see Figure S5 for
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comparison with the full XRPD pattern without these excluded regions). The refined
cell parameters are a = 8.94160(9) A, c = 21.3148(4) A and V/Z = 245.974(5) A3. The
refined sodium occupancy factors for Na(l) and Na(2) sites are 0.98(4) and
0.938(15), respectively, resulting in the Nagz 79)FeV(PO.); composition. Compared to
the structural parameters and composition determined for NasFeV(POQOg,); from the
Rietveld refinement of the XRPD pattern collected within a capillary, just after its
synthesis, smaller unit cell volume (245.974(5) A3 vs. 246.140(4) A®) and Na content
(3.79(9) vs. 3.83(3)) are determined for the same powder within the in situ cell just
before cycling, suggesting a slight self-charge. Note that the pre-sodiation process to
prepare NasFeV(PO,)s was performed 3 days prior to collecting data at the ALBA
synchrotron. The comparison of the electrochemical charge and discharge curves
obtained for NasFeV(PO4); vs. Na metal in a normal coin cell and in the in situ cell
shows an overall good agreement but also reveals that about 0.1 less Na' is

involved in the first charge domain obtained in the in situ cell (Figure S6).
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Figure 3. Synchrotron XRPD patterns collected operando during the first cycle of
Na,FeV(PO,); vs. Na metal within a voltage window of 1.0 - 4.3 V at a C-rate of C/15 (1 Na*
in 15 h). * Composition estimated from the Rietveld refinement of the XRPD pattern (see the

text for details).

Figure 3 displays the synchrotron XRPD patterns collected operando during the first
cycle of the battery within the voltage window of 1.0 — 4.3 V vs. Na*/Na at a C-rate of

C/15 (for a wider 20 range (5-30° (26)), see Figure S7). The associated unit cell
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volume evolution is shown in Figure 4. Refined cell parameters, V/Z, and
occupancies of the two Na(l) and Na(2) sites are summarized in Table 1 for
selected compositions obtained in charge and discharge. NayFeV(PO,); electrode
material undergoes a complex Na* extraction/insertion mechanism with a succession
of solid-solution and two-phase reactions during cycling. During the first charge
domain up to 2.6 V, around 0.8 Na" is extracted through a solid-solution reaction
since the Bragg peaks continuously shift from those observed for the single pristine
NasFeV(PO,)s phase. The corresponding unit cell volume per formula unit (V/Z)
decreases by 2.3 % from 245.974(5) A® to 240.282(17) A3 (Figure 4)

Coming close to the composition of NazFeV(PO,)s, the structure undergoes a
monoclinic distortion, specifically spotted by the existence of the Bragg peak at
around 6.6° (d = 6.13 A, see the full 26 range in Figure S8). A V/Z value contraction
of 0.9 % from 240.282(17) A® to 238.208(11) A® is observed when this phase
transformation occurs, requiring the description of the unit cell in the C2/c space
group in order to take into account all the superstructure reflections highlighted in
Figure S8. This supercell indicates a Na*/vacancy ordering®* as commonly spotted
in  other NasMM'(PO,); compositions  (NasFe,(POu)s,*®  NasVo(POu)s,**
NasVTi(PO,)s*® NasTin(PO4)s*®). From NasFeV(PO,); (Phase B) to NayFeV(PO,)s
(Phase C) between 3.4 V and 3.75 V, there are three sub-domains (labeled as
region I, Il, and Ill) in the second charge domain, where the corresponding
electrochemical mechanism occurs through a successive mechanism of monophasic
— biphasic — monophasic reactions (Figure 4). The details of the corresponding
synchrotron XRPD patterns for regions I, I, and Ill are presented in Figure 4b. In
region |, phase B evolves according to a solid-solution as shown by the trivial peak
shift between scan # 23 and scan 38, then a two-phase reaction between phase B
and a new phase C described in the R-3c space group and characterized by the
composition NazsFeV(PO,)s (region II, scan # 38—50) is observed, followed finally
by a solid-solution reaction until the composition Na,FeV(POg)s (region lll, scan # 50
— 58). It is noticed that the region (Il) where the two phases coexist is narrow, and
this was also observed in other studies for Na,FeV(PO4); 2 and Na,MnCr(PO4)s™.

10
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Figure 4. (a) The evolution of the unit cell volume per formula unit (V/Z) (bottom), obtained
from the full pattern matching refinement of the synchrotron XRPD patterns collected
operando during the cycling of the in situ cell, is associated to the electrochemical curve
(middle) and to the evolution in 26 of the (012) diffraction line (top). (b) Enlarged view of the
synchrotron XRPD patterns during the three sub-domains (regions I, Il, and IIl) on the
second charge domain (3.4 V —3.75 V) and (c) Enlarged view of the synchrotron XRPD
patterns during the three sub-domains (regions I, II’, and 1II’) on the second discharge

domain (3.15V-1.0V)

From NaFeV(PO,); to Naj 3FeV(PO,)s, in the third charge domain between 3.75 V
and the end of charge at 4.3 V, around 0.8 Na" is further extracted through a solid-

solution reaction. The Na(1) site, that remained almost fully filled until that extraction

ratio, starts to depopulate in this voltage domain with an occupancy ratio evolving

from 0.98(4) to 0.71(6). In fact, from the composition NayFeV(PO,); (i.e. as soon as

the third domain is reached) Na" ions are extracted from both Na(1) and Na(2) sites,

making Na" distribution within the structure much more disordered. As the Na" ions

in Na(1) site are placed along the [001]nexagonal direction, a depopulation of Na(1) site
leads to an increase in ¢ parameter from 21.58893(4) to 21.9030(14) A due to an

increasing repulsion between the oxygen atoms along the same direction.

11
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For the overall charge process, the cell volume (V/Z) decreases by 7.3 % from
245.974(5) to 227.897(5) A® (Figure 4). When this value is compared with the
extraction of ~3 Na" in other NASICON compounds, it appears comparable with that
observed for the Mn/Cr system (AV/V= -7.7 % when charged up to 4.7 V*®) and
smaller than that observed for the Mn/V system (AV/V= -9.3 % when charged up to
4.0 V' and AV/V=-10.1 % when charged up to 4.3 V%°).

After charging the battery up to 4.3 V, the voltage profile of the discharge is different
from that of the charge. During the first discharge domain from 4.3 V to 3.15 V, about
1.1 Na® ions are re-intercalated in NajsFeV(POs)s; through a solid-solution
mechanism with the increase of the unit cell volume (V/Z) from 227.897(5) to
237.358(5) A3,

The second part of the discharge process from 3.15 V until the end of discharge at
1.0 V can also be divided into three sub-domains (labeled as region I’, II’, and III")
with an electrochemical mechanism of monophasic — biphasic — monophasic
reactions (see the details in Figure 4a and 4c). A unit cell volume evolves from
237.358(5) to 246.378(5) A® and reaches the composition Nasz ga@)FeV(PO4)s, which
is very close to that of the pristine pre-sodiated NasFeV(PO,4)s compound. This
material recovered after the first charge and discharge cycle appears in fact slightly
more sodiated compared to the pristine compound before the operando XRD
measurement, with a different distribution of the Na® ions among the Na(1) and
Na(2) sites. The occupancy of the Na(1) site evolves from 0.98(4) (almost full) in the
pristine state, towards 0.71(6) at 4.3 V showing its clear depopulation in the charge
state of the battery. It comes back to 0.89(4) at the end of the discharge: these
remaining vacancies on the Na(1l) sites would be at the origin of a disorder that
prevents any Na‘/vacancy ordering and thus the monoclinic distortion to occur for

about NazFeV(PO,4); composition.

Note that the side reaction that originates from the conductive carbon additive in

2438 contributes to the electrochemical reaction below 1.5

contact with the electrolyte
V (mainly in region III'), concomitantly with Na® insertion in the active material
NasFeV(PO,)s. Therefore, the value of x = ~4.5 (Figure S6) reached at the end of

12



discharge and calculated from the number of electrons exchanged during the
electrochemical reaction shows a significant mismatch with the actual x value in
NayFeV(PO,)s (here 3.84(9)) determined from the Rietveld refinement, as this side
reaction was not considered. To avoid any confusion, the x value given in Figure 3
at the end of discharge is determined from the Rietveld refinement only and shown
to be close to Na, instead of Nas 5 as declared by the electrochemical reaction.

Velocity (mm/s)

Fe3*: 13(3) %
Fe2*: 87(3) %

Fe3+*(1): 87(3) %
Fe3*(1): 13(3) %

Fe3(1): 85(3) %
Fe3*(I1): 15(3) %

Fe3*(1): 66(3) %
Fe3*(Il): 34(3) %

Fe3*(1): 74(3) %
Fe3*(l1): 26(3) %

! .
4 '. o ”

Fe3*: 46(3) %
Fe?*: 54(3) %

|

Na, . (2.0V)
L "
! O

Fe3*: 25(3) %

Fe2": 75(3) % Na, , (13V)

1 v T M 1

-4 -2 0 +2 +4
Velocity (mm/s)

Figure 5. Room temperature °'Fe Mdssbauer spectra collected ex situ for Na,FeV(PO,);
recovered at various states of charge and discharge. The quadrupole doublets that describe
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the spectra are associated with Fe** (green), Fe®* (1) (light brown), and Fe* (Il) (dark brown).
The corresponding refined hyperfine parameters are summarized in Table S6.

Table 1. Space group (S.G.), unit cell parameters, V/Z value and Na site occupancy factors
determined from the Rietveld refinement of synchrotron XRPD patterns collected operando
at different states of charge and discharge of the battery. The total Na content per formula
unit is determined from the Na site occupancy factors. The detailed results of the Rietveld
refinements are summarized in Tables S1-S5 and Figures S9-S11. *The cell parameters

were refined with a profile matching and the Na occupancy factors were taken from ref. [24].

Na(1) Na(2) Total Na
Occ. Occ. /f.u.

NasFeV(PO,); OCV R-3c 8.94160(9) 8.94160(9) 21.3148(4) 120 245.974(5) 0.98(4) 0.938(15) 3.79(9)

Voltage S.G. a(A) b (A) c (A B VIZ (A%

*NasFeV(PO,); 3.4V C2ic 15.1445(2) 8.72473(11) 21.6115(3) 90.1924(8) 237.962(6) 1 0.67 3

Na;FeV(PO,)s 3.75V R-3c 8.57794(11) 8.57794(11) 21.58893(4) 120 229.286(6) 0.98(4) 0.416(16) 2.23(9)
Na;sFeV(POs)s 4.3V R-3c 8.4904(3) 8.4904(3) 21.9030(14) 120 227.897(5) 0.71(6) 0.20(3) 1.31(8)
Na,4FeV(PO.); 3.15V R-3c 8.6819(3) 8.6819(3) 21.8170(10) 120 237.358(5) 0.91(5) 0.54(2) 2.54(12)

Na,sFeV(POs)s 1.0V R-3c 8.94445(10) 8.94445(10) 21.3364(4) 120  246.382(5) 0.89(4) 0.984(16) 3.84(9)

To investigate changes in the oxidation state and local environment of iron during
electrochemical cycling, ex situ °'Fe Mossbauer spectroscopy experiments were
performed at room temperature using air-tight sample holders prepared under argon
atmosphere. Figure 5 shows the Méssbauer spectra collected for a series of key
compositions NayFeV(PO,); obtained at different states of charge or discharge

during the first cycle.

Each Mossbauer spectrum may be considered as the sum of two components
(quadrupole doublets) whose refined hyperfine parameters are summarized in Table
S6. They correspond to typical high-spin Fe?* or Fe®*" in octahedral environments
with oxygen ligands.?*?*3%4% During the first domain of charge process, Fe*" is fully
oxidized to Fe®" associated with the extraction of the first Na*. After that, until the
end of charge at 4.3 V, no further oxidation of Fe is observed, but two Fe3*

environments are identified, labeled as Fe**(I) and Fe**(ll).

At 4.3 V, the two environments display minor differences in isomer shift values of

0.43(1) and 0.39(2) mm/s for Fe**(I) and Fe**(ll), respectively, but a significant
14



difference in quadrupole splitting value of 0.51(3) and 1.08(5) mm/s for Fe**(l) and
Fe®*(ll), respectively. As a more anisotropic iron octahedral environment tends to
have lower isomer shifts*°, which are also influenced by the degree of Fe — O bond
covalence or ionicity, Fe**(Il) can be a slightly more distorted environment than
Fe®*(1). Note that a different distribution of the first cationic neighbors (i.e. V**, V°*, or
Fe®* at 4.3 V) or the presence of a distorted VOg environment in the lantern VOe-
(PO,4)s-FeOg can generate a more disordered/distorted Fe environment responsible
for higher values of the quadrupole splitting parameter, which strongly depends on
the electric field gradient produced by the ligands and the first cationic neighbours at

the iron nucleus.
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Figure 6. XANES spectra collected on ex situ Na,FeV(PO,); compounds recovered at
different states of charge or discharge of the battery. Spectra obtained at the Fe K-edge
during (a) charge and (b) discharge. V K-edge spectra obtained during (c) charge and (d)
discharge. References for Fe and V K-edge XAS spectra: Fe*" (FeC,0,-2H,0), Fe*'
(NagFe,(PO.)s), V¥ (NagVo(POL)s),V*(NayVo(PO,)s) and VP (VOPO,).
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These isomer shift and quadrupole splitting values are in good agreement with those
previously reported by Mortemard de Boisse et al. in their study of Nass.
FeosV1s(PO4)s at different states of charge.?* Moreover, the proportion of distorted
Fe local environment, Fe**(ll), increases continuously upon further Na* extraction
until 34(3)% at the end of charge. In the following discharge process, this proportion
decreases to 26(3) % at 3.15 V, before disappearing at 2.0 V. This suggests that the
changes in the local environment of Fe are reversible, despite about 25(3) % of iron

remaining unreduced as Fe* (1) at the end of discharge at 1.3 V.

To further investigate changes in the local environment and oxidation state of iron
and vanadium, X-ray spectroscopy experiments were performed on ex situ samples.
X-ray Absorption Near-Edge Structure (XANES) spectra collected at the Fe and V K-
edges for a series of NasFeV(PO,4)s compounds recovered at different states of
charge or discharge during the first cycle are compared in Figure 6.

XANES results confirm that Fe?* is oxidized to Fe** (Figure 6a) while V** remains
unchanged (Figure 6c) during the first charge domain. After that, the oxidation state
of iron does not change anymore until the end of the charge process, even if the
shape of the spectra is modified (Figure 6a), implying the modification of the local
environment around Fe®" as revealed also by Mossbauer spectroscopy. During
discharge, Fe*" is reduced to Fe?* only from the beginning of the second discharge
domain, from 3.15 V and until 2.0 V (Figure 6b). At 2.0 V, Fe is partly oxidized as
the edge energy of 7124.9 eV is intermediate between that of 7122.6 eV for Fe?* and
that of 7128.3 eV for Fe**. Therefore, only 60% of iron would be at the divalent state
at 2.0 V from XANES analysis, in good agreement with the 54 % determined from
the Mossbauer data. Nevertheless, from Méssbauer spectroscopy it was also shown
that further reduction of iron can proceed at lower voltage than 2.0 V.

At the V K-edge, during the second charge domain, the edge energy increases from
5481.9 to 5484.5 eV indicating the oxidation of V** to V** (Figure 6c). In the third
charge domain, vanadium is oxidized further as shown by the shift of the edge from
5484.5 to 5485.1 eV. In parallel, the intensity of the pre-edge increases drastically by

a factor of ~2 with a shift in energy from 5470.0 to 5470.8 eV, which is characteristic
16



of V**.*1™* This increasing intensity of the pre-edge also indicates a higher degree of
distortion for the V environment, as also observed in other V-based NASICON

compounds when the V°>*/V** redox couple is activated.*™°

During discharge, as shown in Figure 6d, V*" and V°* are reduced towards V*'
during the first domain (Nay.4) and fully reduced to V3" at 2.0 V (Nas3). Indeed, the
intensity of the pre-edge for the spectrum recorded at the end of charge (4.3 V)
becomes much less intense for the spectrum recorded on Naszz composition.
Moreover, the edge position was shifted back to lower energy and very close to that
of pristine material (Figure S13). This result reveals enhanced reversibility of the
atomic and electronic changes occurring at the V site in NasFeV(PO,)s, whereas for
other V-based NASICON compounds such as in the Mn/V system, once the V>*/V**
redox couple is activated, the environment of V remains highly distorted at the end of
discharge of 2.75 V or 2.5 V.1

Based on these XANES analyses performed at the Fe and V K-edges, it can be
concluded that the three voltage domains observed at 2.5 V, 3.45 V and 4.0 V upon
charge can be assigned to the Fe*/Fe?, V*/V** and V**/V*" redox couples,
respectively, whereas the two voltage domains at 3.44 V and 2.5 V observed upon

discharge correspond to mainly V>*/V**/\V/** and Fe®*'/Fe?* respectively.

The amount of Na* exchanged through the activation of the V**3* and V*"** redox
couples was about 1.8 during charge, however, only about 1.1 Na® was re-
intercalated during the discharge process. Such behavior was also observed for
other V-based NASICON materials as soon as the V°"*" redox couple was
activated.?t#24444 |t is interesting to point out that according to the study of
NasCrV(PO,); by Liu et al.** when charged up to 4.3 V and then discharged down to
the very low voltage of 1.4 V, the capacity unrecovered in discharge in the potential
window expected for the activation of V**** and V°>*** redox couples appears to be
partially retrieved only once the voltage is below 1.7 V. This may contribute during
second discharge domain, apart from the contribution of possible side reactions at

low voltage.
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The Extended X-ray Absorption Fine Structure (EXAFS) analysis was performed to
get more quantitative insight into the local environments of Fe and V. Figure 7
illustrates the detailed Fe — O and V — O distances in the first coordination shells of
Fe and V in NasFeV(PO,); compounds recovered at different states of charge or
discharge of the battery. The magnitude of the k*weighted Fourier-transformed
EXAFS oscillations and the corresponding backward Fourier transformed qg-space
are given in Figures S14-S15. We have only considered the first shell coordination
of V and Fe, where the cation is surrounded by 6 oxygen atoms. The details about
the fitting procedure are reported in the supplementary information. The refined
EXAFS parameters are summarized in Tables S7-S8.

2.067(5) A 1.987(5) A 1.981(5) A 1.964(5) A 1.983(5) A 2.031(5) A
Fe2* Fe3* Fe3* Fe3* Fe3* Fe2/3+

2.029(5) A 2.022(5) A 1.968(5) A 1.949(5) A 2.012(5) A 2.030(5) A
X5 X5.5
V3+ V3+ v4+ V4+/5+ \V V3+
1.648(5) A 1.657(5) A
X1 X0.5
(ocv) (3.4V) (3.75V) (4.3V) (3.15V) (2.0V)
Charge Discharge

Figure 7. Iron and vanadium local environments in the first shells determined by EXAFS
analysis from spectra collected for Na,FeV(PO,)s compounds recovered at different states of
charge or discharge.

Only a single Fe-O distance was required, and thus used, for the refinements of the
first coordination shell for all spectra, even at the end of charge, while Méssbauer
spectroscopy shows two Fe®" signals. The reason for this apparent discrepancy is
that EXAFS gives an average local description of the probed element, and is thus
much less sensitive than Modssbauer spectroscopy to distribution of oxidation states

and local environments for Fe. Indeed, as mentioned before, the isomer shift, the
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guadrupolar splitting and the line width are sensitive to the electronic and atomic
structure around the probed nuclei. Nevertheless, the EXAFS results are in good
agreement with those obtained by Mdéssbauer spectroscopy and allow quantifying
changes in the Fe — O bond length all along with the Na® extraction/insertion
reactions. The Fe - O bond length noticeably decreases from 2.067(5) to 1.987(5) A
during the first charge domain when Fe?' ions are oxidized to Fe®'. Then, this
average bond length remains almost unchanged in the second charge domain (i.e.
decreasing from 1.987(5) A to 1.981(5) A), before a slight contraction until 1.964(5) A
at the end of charge. This contraction in voltage domains where Fe itself is not
involved in the redox processes highlights that the oxidation to V** and then until V>*
impacts the Fe environment. Upon discharge, the Fe - O bond length increases back
to 2.031(5) A, slightly smaller than that observed in the pristine material, in good
agreement with the uncomplete reduction of Fe®* to Fe®" in the compound
discharged down to 2.0 V.

Considering the V local environment, the first coordination shell is described by an
isotropic VOg octahedral environment with 6 equivalent V - O bond lengths, nearly
unchanged during the first charge domain (i.e. as shown by the slight decrease from
2.029(5) A until to 2.022(5) A) and then drastically shortened from 2.022(5) to
1.968(5) A during the second charge domain when V** is oxidized to V**. At the end
of charge at 4.3 V, however, a significant distortion was expected in the VOg
octahedron as revealed by the appearance of intense pre-peak in the XANES region.
Therefore, the [5+1] coordination model to describe the V local environment was
made with five regular bonds of 1.938(5) A and a short bond of 1.637(5) A (Figure
7). Note that the [4+1+1] coordination model (equatorial-long-short bonds) was also
attempted to fit the EXAFS data, resulting in the bond lengths of 1.938(5), 2.519(5),
and 1.637(5) A, respectively (Table S9). We concluded that the [5+1] model is more
accurate than the [4+1+1] model as the R-factor allows one to define the
accuracy/appropriateness of the model. Moreover, the probability of having such a

4748 and a contribution of the second

relatively long bond in [4+1+1] model is low,
shell (V — P or V — Na) cannot be completely excluded in the R-range where the long

bond can be possibly found. Nevertheless, note that the main message here is that a
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short bond is absolutely required to describe VOg octahedron, while an isotropic [6]
model leads to a drastic mismatch with the experimental data (Figure S16).

During the first discharge domain from 4.3 V to 3.15 V, the VOg environment
becomes more symmetric but the short V — O bond partially remains. For these
reasons, we have proposed a model including 5.5 oxygen atoms with a distance of
2.012(5) A and 0.5 oxygen atoms with 1.657(5) A, which can adequately describe
the VOg octahedral environment for the EXAFS data recorded at 3.15 V for
Nay.sFe**'V****(PO,); composition (see the details in Figure S17 and Table S10).
This VOg environment is in fact an average description combining symmetric and
more distorted environments for V" and V**, respectively. The regular V - O bond
distance of 2.012(5) A is as expected between that of 2.022(5) A for V** and that of
1.968(5) A for V** In the following discharge process occurring from 3.15 V to 2.0 V,
the short V - O bond disappears and the VOg environment is back to isotropic again
with V - O bond length of 2.030(5) A, which is very close to that observed for the
pristine materiel, before cycling. The EXAFS oscillations observed before and after
the first cycling are globally maintained (Figure S13), implying relatively good
reversibility of the process even if the local structure was strongly distorted at high

voltage.

The results obtained from XRD, Mdssbauer, and XAS are combined to explain the
electrochemical reaction mechanism and the evolution of Fe and V local
environments in the mixed Fe/V NASICON compound NasFeV(PO4)s upon Na*
extraction and then reinsertion, as shown in Figure 8. The first Na® removal
proceeds through a solid-solution mechanism. Then, the NazFeV(PO,); composition
obtained by the de-intercalation of 1 Na' per formula unit from NasFeV(POg)3
undergoes Na‘/vacancy ordering. The extraction of the second Na" involves a two-
phase reaction, preceded and followed by a solid solution mechanism. During the
first two Na* extractions, Fe?* is hence oxidized to Fe>" first to 3.4 V, followed by the
oxidation of V** to V*" between 3.4 and 3.75 V. These two Na' are mostly
electrochemically extracted from the Na(2) site while the Na(1) site remains almost
fully occupied. Local environments of Fe and V are found to be symmetric and Fe —

O and V — O distances decrease according to the order of the redox centers
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activated for each voltage domain (main decrease in Fe — O bond length first
followed then by that of V — O).

During the extraction of the third Na" ion, however, the Na(l) site begins to be
depopulated and distorted Fe and V local environments are observed, including the
distorted V°*Og octahedral environment including vanadyl-like V — O short bond.
These much-distorted Fe and V environments with a disorder on the Na sites induce
an asymmetric electrochemical reaction mechanism in the subsequent discharge.
The phase obtained at the end of the charge is re-intercalated according to a solid-
solution mechanism during the first discharge domain, involving the concomitant
VeH43* redox couples. In the lower voltage domain Na* is intercalated through a
two-phase reaction, Fe*" is reduced back to Fe?*, and the distorted environments
disappear, recovering symmetric surroundings for both Fe and V. However, charging
at high voltage, having the deep sodiated phase at the end of charge, makes the
reduction of Fe®* to Fe®" sluggish, hindering the complete reduction of iron,

eventually resulting in a capacity loss upon cycling.?*
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Figure 8. Global view of the asymmetric electrochemical reaction mechanism and the
evolution of the Fe and V local environments including Na occupancy, distorted Fe**(l1)
amount, Fe — O/V — O bond distances, associated redox couples, and Na*
extraction/insertion mechanism associated to each voltage domain during the first cycle.
4Composition estimated from the Rietveld refinement of the structure from the XRPD pattern.
*The value deduced from XRD analysis.

Conclusions

In conclusion, the Na® extraction/insertion mechanism including the asymmetric
behavior induced at high voltage in a Fe/V-mixed NASICON material was
comprehensively addressed based on the local and bulk point of view. Na® is
extracted from NasFeV(PO,); through monophasic — biphasic — monophasic
mechanism with three voltage domains during charge when cycled up to 4.3 V vs.

Na‘/Na, and Na" is reinserted globally via monophasic — biphasic mechanism with
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two voltage domains during discharge. Na* ordering in NasFeV(PQy)s is observed
during the Na® extraction process but it is not observed during the Na* insertion
process from a highly de-sodiated Naj 3FeV(PO,)s phase. Indeed, the Na(1) site is
not fully filled in discharge for that NasFeV(PO,4); composition, leading thus to a
disordered distribution of Na* ions among the two Na(1) and Na(2) sites, whereas it
is fully occupied for the same composition in charge. We could assign that the three

voltage domains at 2.5 V, 3.5 V, and 4.0 V during charge are associated with Fe3"/?",

V4+/3+ V5+/4+

, and redox couples, respectively, and the two following discharge

5+/+4/+3 3+/2+
Vv

domains at 3.4 V and 2.5 V are corresponding to the merged , and Fe

redox couples, respectively. At low voltage region and up to 3.75 V, the Fe and V

Vo4 redox

local environments are found to be symmetrical but the activation of
couple at high voltage induces the distortion of local environments with vanadyl-like
short V — O bonds. The distorted Fe and V local environments are more reversible
compared to other V-based NASICON compounds, although the reduction of Fe** to

Fe?* is hindered after the deep charge.

Supporting Information

Synchrotron powder XRD patterns, GITT curve, refined Mdssbauer parameters,
XANES and EXAFS spectra
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Asymmetric electrochemical reaction in Fe/V-mixed NASICON
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