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A NASICON-Type Positive Electrode for Na Batteries with
High Energy Density: Na,MnV(PO,);

Fan Chen, Vadim M. Kovrugin, Rénald David, Olivier Mentré, Frangois Fauth,
Jean-Noél Chotard, and Christian Masquelier*

The mixed Mn?*/V3* Na-super-ionic-conductor (NASICON) cathode mate-
rial Na,MnV(PO,), is prepared by solid-state reaction at 800 °C under argon.
When used as a positive electrode in Na batteries, this material can exchange
three electrons for two transition metals, that is, yielding a high gravimetric
capacity of 156 mAh g™! on charge when the upper cutoff voltage is set to

4.3 V versus Na*/Na. Operando X-ray diffraction during battery operation is
performed and it is shown that the mechanisms of Na* insertion/extraction
are single or biphasic depending on the electrochemical cycling conditions.

1. Introduction

With the increasing demand for electric energy storage, new
alternative materials are expected to diminish our depend-
ence on foreseen limited lithium resource. Sodium-based bat-
teries are considered promising and are widely explored by
many research groups worldwide.'?! Various transition-metal
oxides, ¥  polyanionic compounds,*® ferrocyanides,*!%
organic materials, and polymers(!!2 are considered as pos-
sible cathode materials for Na-ion batteries. In recent years,
polyanionic frameworks within the NASICON (Na-Super-Ionic-
Conductors) structural family were heavily investigated due to
their specific 3D framework structure, stable long-term cycling
ability, and high Na* mobility.*17]

F. Chen, Dr. V. M. Kovrugin, Dr. R. David, Dr. ].-N. Chotard,
Prof. C. Masquelier

Laboratoire de Réactivité et Chimie des Solides (LRCS)
Université de Picardie Jules Verne

F-80039 Amiens Cedex 1, France

E-mail: christian.masquelier@u-picardie.fr

F. Chen, Dr. V. M. Kovrugin, Dr. R. David, Dr. |.-N. Chotard,
Prof. C. Masquelier

RSZE

Réseau Francais sur le Stockage Electrochimique de I'Energie
FR CNRS 3459, F-80039 Amiens Cedex 1, France

Dr. O. Mentré

Unité de Catalyse et Chimie du Solide (UCCS)

Ecole Nationale Supérieure de Chimie de Lille (ENSCL)
Université Lille 1, F-59652 Villeneuve d'Ascq, France

Dr. F. Fauth

CELLS — ALBA Synchrotron

Cerdanyola del vallés, Barcelona E-08290, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under hitps:/ /doi.org/10.1002/smtd.201800218.

DOI: 10.1002/smtd.201800218

Among them, Na;V;(POy); (NVP) has
been identified so far as the most inter-
esting one as it possesses satisfactory energy
density and high power for extended cycle
life. Its cystal structure can be described
as a 3D framework of VO; octahedra and
PO, tetrahedra connected to each other by
common comers forming so-called “lan-
tern units” along the ¢ direction of the com-
monly used hexagonal cell. Sodium cations
were described as randomly disordered
over two sodium sites (Na(1), 6b and Na(2),
18¢)/®] until Chotard et al. discovered that
below 280 K, the so called @-NVP form aystallized in a mono-
clinic superstructure due to a fully ordered distribution of Na*{®!
similar to the ordering previously reported in -Na;Ti;(PO,);.FY
The synthesis of NasV;(POy); was first reported by Delmas. 2
Gopalakrishnan! later on reported on the possible extraction of
three Na* toward the novel sodium-free VIVVV(POy); composition.
Afterward, the electrochemical extraction of Na* from Na;V;(POy)3
to NaV;(POy); (with a theoretical capacity of 117.6 mAh g at 3.4
V vs Na/Na) was extensively investigated.’>%6] A large number
of spedial treatments (e.g., carbon coating, particle shape control-
ling) was also proposed to improve battery performances.?’—!
It is important to note that only 2Na formula unit! have been
completely removed from the structure during charging up to
now. A possible activation of the V*/** redox couple at higher
voltages may also contribute to the increasing of the energy den-
sity of NVP-based materials, as demonsirated in a series of works
by using a metal substitution of a part of V** in the structure of
NVP. In recent years, several elements have been chosen for the
partial substitution of V into the crystal structure of this prom-
ising material (such as NiPZ34 A1 536 Fel+ 3437 Zp# B8] M+ P
Mn?* 34490 G+ 143 Ty [4-46] Mo+ ¥ and Mg?*9).

In this work, Mn?* was used as a substituting ion to enhance
the capacity of the Naj;V;(POy); cathode material. Inspired
by the recent work of Zhou et al,* nearly single-phase
Na;MnV(PO,); (98.5 wi%) powders were synthesized and
studied structurally and electrochemically in details. In oper-
ando X-ray diffraction (XRD) studies during electrochemical
operation show for the first time that Na,MnV(POy); can deliver
156 mAh g! toward the new composition NaMnV (PO,)s.

2. Results and Discussion

The crystal structure of Na;MnV(POy); has been fully determined
using high-resolution synchrotron powder XRD (SXRD) data
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Figure 1. a) XRD profile of Rietveld refinement, b) projection of the
crystal structure of Na,MnV (PO,);, and c) sodium diffusion paths calcu-
lated by BVEL with an energy of 1.6 eV. Displacement ellipsoids are drawn
at 90% probability level.

(ALBA synchrotron fadility, Spaini*”)). It crystallizes in a rhom-
bohedral system described with the space group R-3c. Figure 1a
illustrates the results of the Rietveld refinement analysis.

The refined lattice parameters are a = 8.96354(2) A and ¢ =
21.48319(7) A, well consistent with those published recently by
Zhou et al P The calculated pattern is in great agreement with
the collected profile with excellent reliability factors (Ryg, =
4.80%). Only 1.5 wt% of a secondary NaMnPO, phase is quan-
tified by Rietveld refinement, suggesting the high purity of the
polycrystalline material. The atomic coordinates of the Mn-
free NVP structure at high temperature!] were used as the
initial positional parameters for the structural determination.
The refined atomic positions and the anisotropic atomic dis-
placement parameters are listed in Table 1. Mn and V atoms

Table 1. Crystallographic data for MasMnV(PO.)s; at 298 K
(occ = occupancy).
Na MnV (POy); at 298 K
S.G:R3IcZ=6 Rbragg =4.80%
a=896354(2) A; ¢ =21.48319(7) A; ¢/a =2.397; R,=132%
V=1494.82(1) A% v/Z = 240.1(1) A2 R, =145%
Atomic coordinates and isotropic (Biso) or equivalent (BeqT) deplacement parameters
Atom  Wyckoff X ¥ 7 Biuo/Begl Occ

site
o(1) 36f 0.0149(3) 0.2094(2) 0.19267(9) 0.96(5) 1
0(2) 36f  018657(19) 0.1720(2) 0.08469(3) 0.51(4) 1
Mn 12¢ 0 0 0.14901(4) 0.11(1) 0.5
v 12¢ 0 0 0.14901(4) 0.11(1) 0.5
P 18¢  0.29787(13) 0 0.25 0.26(2) 1
Ma(1) 6b 0 0 0 0.68(1)T 0967
Na(2) 18e 0.6400(2) 0 0.25 211yt 1.00%
Atom Uy Uz Uy Uy, Uz Uy
Na(1) 0.0066 (18) 0.0066(18) 0.0127(18) O0.0033(18)  0f) 0(=)

Na(2) 0.0188(11) 0.0033(11) 0.0579(16) 0.0017(11) 0.0064(S) 0.0128(5)

IRefined at the final stages of refinement and then fited.

are located on the same crystallographic site (12¢). (Mn,V)Oq
octahedra and POy tetrahedra share common O corners to form
a 3D framework. Both sodium sites, sixfold coordinated Na(1)
(Gb) site and eightfold coordinated Na(2) (18e), are fully occu-
pied, thus confirming the stoichiometry of Nay, sMnV{(PO,);.

Taking into account the anisotropic thermal parameters of
sodium ions, Na(l) exhibits almost isotropic thermal oscilla-
tions, whereas the shape of thermal ellipsoids around Na(2) can
be described as a flat plate slightly tilted along [001] (Figure 1b).
This thermal behavior of Na* ions is quite different from that
within the unsubstituted NasM;(POy); (T = V, Ti) compound,
in which Na(1) and Na(2) exhibit a “discus”-shape and “cigar”-
shape ellipsoids, respectively, %!l marking pronounced
diffusion zigzag paths. In order to obtain a deeper insight into
sodium transport mechanisms, bond valence energy land-
scape (BVEL) maps have been calculated using the BONDSTR
software’2] An energy of 1.6 €V was applied to activate the
displacement of sodium ionsi¥ and the possible pathways for
sodium diffusion are visualized using the VESTA softwareP*!
in Figure lc. It demonstrates a sodium-ion migration path
across the channel between the adjacent Na(1) and Na(2) sites.
Our observation confirms that the previously reported zigzag
M(2) — M(1) — M(2) diffusion pathwaysP*!*5% also exist in
the structure of Na,MnV(POy); with fully occupied sodium
sites, reported in this work.

It is well-known that two Na* ions can be extracted from
Na3V;(POy); cathode material through a biphasic mechanism
at 3.4 V versus Na/Na* with excellent reversibility and at high
currents.”’l As recently reported®! the Mn-substituted new
cathode material Na;MnV(POy); delivers a capacity of around
101 mAh g at 1 C current rate with two charge/discharge pla-
teaus at 3.3 and 3.6 V versus Na*/Na, operating on the V>*/V#
and Mn*/Mn* redox couples, respectively. The results of our
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Figure 2. The first cycle galvanostatic data for NasMnV(PO.): at TNa*j20h
cycled between a) 2.5 and 3.7 V or b) 2.5 and 4.3 V versus Na*/Na.

investigation herein in the same voltage window of 2.5-3.7 V
versus Na/Na* gave almost the same value: a capacity around
103 mAh g at 1Na*/20 h with a very small polarization {<0.1 V).
The galvanostatic data display two reversible charge-dis-
charge redox phenomena located at 3.38 and 3.58 V versus
Na*/Na (Figure 2a). This excellent reversible electrochemical
activity is also supported by galvanostatic intermittent titra-
tion technique (GITT) data, as plotted in Figure S1 (Supporting
Information) (INa*/20 h current rate, charging for 1.5 h and
relaxing for 2 h).

It is remarkable to find that with the increasing of the
cutoff voltage up to 4.3 V versus Na*/Na, a third Na* can be
extracted from the structure, reaching a higher capacity of
=156 mAh g at 1Na*/20 h with a new redox activity located
at around 3.86 V versus Na*/Na (Figure 2b). As recently
reported,?®¥7*¥ this phenomenon may be referred to the
electrochemical oxidation of V* to V** state, toward the final
NaMn**V*(PQ,); composition. In other words, this observation
of a new third electrochemical activity leads to an important
increase in the gravimetric capacity, at a higher operating

voltage. Note, however that the observed substantial irrevers-
ibility will be one of the biggest challenges to address for the
substituted materials and is beyond the scope of this first study.
In addition, a stable electrochemical cycling becomes possible
after the second cycle with a reversible discharge capacity of
91.18 mAh g, as plotted in Figure S2 (Supporting Informa-
tion). The coulombic efficiencies of the second and third cycles
are 85.28 and 88.16%.

In order to investigate the structural evolution during the
charge-discharge processes and verify the reversibility of the
electrochemical reactions, we performed in operando X-ray
diffraction experiments during several full charge/discharge
cydes in the two operating voltage regions using our in house
in situ cell equipped with a Be window!*" Lattice parameters
were refined by full pattern matching (FPM). Several selected
patterns were refined by the Rietveld method after the correc-
tion of the intensity the X-ray diffracted peaks in the in situ cell,
as described in Figure 83 (Supporting Information).

2.1. Reversible Voltage Region: 2.5-3.7 V

The charge-discharge processes recorded between 2.5 and 3.7 V
versus Na*/Na (Figure 2a) are related to the extraction/inser-
tion of Na* from/into the framework of Nay,MnV(POy);, within
two different voltage regions. The process operates through
a highly reversible mechanism with two distinct domains as
revealed by the in operando XRD data. As illustrated in the left
part of Figure 3a, the 2D top view of the (113) peak shows a
continuous shift up to 3.6 V versus Na, consistent with a solid-
solution mechanism. Then, a sudden appearance and growth
of several new diffraction peaks until the end of the charge
illustrates a biphasic mechanism between 3.6 and 3.7 V versus
Na*/Na. The detailed evolution of selected peaks and unit cell
parameters upon charging/discharging are depicted in Figure
3b-d.

Up to 3.6 V (pattern nos. 0~13), around 1Na* is progres-
sively extracted through a single-phase mechanism from
Na,MnV(POy);. For instance, the (024) diffraction peak is
shifting to higher 26 values constantly. The a (=b) parameter
decreases linearly from 8.956 to 8.813 A (Aa/a = 1.6%), while
the ¢ parameter evolution is less pronounced {Ac/c = 0.3%). The
structural parameters of Na, V;(PO,); compositions obtained by
Rietveld refinements of our operando X-ray diffraction data are
gathered in Table 2. Importantly, we find that for Na;VMn(PO.);
(i.e., after INa* extracted at V., = 3.6 V), the Na(l) site is still
almost fully occupied while the content of sodium in the Na(2)
site decreases down to 62.3%. This result is similar to that
observed at RT for NVP (besides the monoclinic distortion, not
observed here): Na(l) fully occupied, Na(2) partially occupiedf
it proves that in static conditions this configuration is stable,
but static and dynamics are different. This suggests that the
Na(2) — Na(2) diffusion pathway is a preferable ion migration
route in the crystal structure between 2.5 and 3.6 V, similar to
the Na* diffusion behavior within NagV,(POy);. 2

Within the second Na* extracton domain, that is, from
Na;VMn(POy); (pattern nos. 13-22, 3.6-3.7 V vs Na*/Na),
toward NaMnV(POy);, around 0.8 additional Na* is progres-
sively extracted from the former structure through a biphasic
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Figure 3. a) Operando XRD patterns of Na,MnV(PO,); upon galvanostatic charge and discharge processes at 1Na*/10 h up to 3.7 V during the first
cycle. b,c) Enlarged view of specific 26 regions upon charging and discharging. d) Lattice parameters obtained upon Na* extraction/insertion from/
into Nay,MnV (POy); in the 2.5-3.7 V versus Na*/Na voltage window. Asterisk: average composition. Black triangle: carbon from electrode formulation.

mechanism. An enlarged view of the X-ray diffraction data
around the (116) diffraction peak is given in Figure 3bc,
which clearly shows the disappearance of the former phase to
the benefit of a second one. The unit-cell parameters (a(=b), c,
and c/a) of the two phases in presence do not change signifi-
cantly (Figure 3d). Based on the refined occupancy of sodium
shown in Table 2, the sodium content within the former phase
Na;VMn(POy); does not change, while the sodium sites occu-
pancies within the secondary phase Na,VMn(POy); are 78 and
24.1% in the in the Na(l) and Na(2) sites, respectively. The

Rietveld refinement result for pattern no. 22 indicates a ques-
tionable composition of 1.5Na formula unit™ (instead of 2) that
indicates the limit of precision of the Rietveld refinements from
the data collected in-house. The sodium occupancy decreases
in the two sites, which suggests a concomitant ion migration
from both the Na(1) and Na(2) sites in this voltage range. The
global Na stoichiometry of these two phases is 2Na formula
unit™!, well consistent with the electrochemical performance.
The volume of the transition metal MOg octahedra decreases
during the charging process from 2.5 to 3.6 V, ending with a

Table 2. Evolution of the crystallographic parameters in the voltage region 2.5-3.7 V.

Scanno.  Potential versus Na*/Na Na content, x a[A] c[A Vol./Z [AY] Occ. (Naj) Occ. (Nay)
Electrochemical Rietveld
refinement
Pristine 4.00 8.96534(2) 21.48319(7) 249.1(1) 0.96 1.00
0 25V Fixed at 4.00 3.87(6) 8.9561(3) 21.4624(3) 248.48(14) 0.94(3) 0.98(1)
13 36V 2.80 ?.:2.86(7) 8.8127(3) 21.3922(7) 239.80(13) 0.99(4) 0.62(1)
229 37V 2.00 ?.:2.98(6) 8.8174(5) 21.3886(16) 240.02(3) 1 0.66(2)
@s:1.50(6) 8.5369(5) 21.6238(14) 227.46(3) 0.78(2) 024(1)
30 35V 2.80 2.9003) 8.8255(3) 21.4091(7) 240.63(11) 1 063(1)
a 25V 3.85 3.80(6) 8.9529(3) 21.4770(8) 248.47(16) 0.88(3) 097(1)

3Ipattern no. 22: fraction: phase a (@,) = 30 wt%, phase b (@) =70 wt% (calculated by Rietveld refinement).
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voltages) by cycles. Red, blue, and green ticks correspond to the corrected

Bragg positions of Na,MnV(PO,);, Na;MnV(PO,);, and Na;MnV(PO,);
compositions, respectively.

regular octahedra volume of 10.81 A% (AV,.., (9,) / Vi (pristine) =
—8.6%.) The secondary phase (q,) arises from 3.6 V with a dis-
torted octahedral volume of 10.231 A% (AV,, (@p)/Vioew (pris-
tine) = —13.5%). The bond distances between M—0; and M—0;
are significantly different (A = 0.168 A).

Pattern nos. 22-30 and pattern nos. 3041 are the inverse reac-
tons of the second domain and first domain, respectively. Pattern
nos. 30 and 13 as well as pattern nos. 41 and 0 are just the same,
which demonstrates the high reversibility of the electrochemical
reaction when the upper cutoff voltage is set to 3.7 V versus Na.
Note also that this overall Na,MnV (PO,);Na,VMn(PO,); reaction
is seen on subsequent electrochemical cycles, as shown in
Figure S4 (Supporting Information). The in situ XRD patterns
collected at the end of charge and discharge after several cycles are
gathered and compared in Figure 4 with extremely similar shapes.

2.2. Irreversible Voltage Region: 2.5-4.3 V

When the upper cutoff voltage increases up to 4.3 V versus
Na*/Na, a third sodium can be extracted from the structure,

suggesting a further electrochemical activity that we attribute
to the V*/V** redox couple, in line with our previous studies
on the NASICON structure.® Not only the electrochemical
behavior but also the structural evolution is quite distinct
during the subsequent first and second cycles, as shown in
Figures 5 and 7. The first domain (pattern nos. from 0 to 13,
2.5-3.6 V) and the second domain (pattern nos. from 13 to 22,
3.6-3.7 V) are of course similar to those observed in the pre-
vious experiment in the 2.5-3.7 V voltage range. Between 3.7
and 3.8 V, the intensity of the diffraction peaks of the former
intermediate phase Na;MnV(PO,); continues to decrease until
they almost totally disappear (from pattern no. 26).

Within the third Na* extraction domain (pattern nos. from
26 to 32, 3.8-4.3 V), around 0.6Na* is extracted from the struc-
ture toward the final Na; \MnV(POy); compeosition (from elec-
trochemical measure of x). Within this domain, the unit cell
parameters vary drastically (2 and b decrease by Aa/a = 6.1%,
c increases by Ac/c = 2.4%) as depicted in Figure 5. The Riet-
veld refinement of the structure corresponding to the last XRD
pattern at the end of the Na* extraction process (no. 32) led to
a final formula of Naj;MnV(POy);. The volume of the MOg
octahedra is decreasing until the end of charge (AV/V = 23.8%)
while the distance between two transition-metal ions is slightly
increasing (A = 0.11 A). The shape of MOj octahedra is being
continuously distorted with a M—0;/M—0; bond distance dif-
ference of 0.166 A. The comparison of the reduced population
of sodium in both Na(1) and Na(2) sites for pattern no. 32 with
the values refined for the pattern no. 26 suggests that both
Na(l) and Na(2) sodium sites participate in the extraction pro-
cess at high voltage.

It should be highlighted that the new NaMnV(PQy); compo-
sition (Nay ;MnV(POy); according to the Rietveld refinement)
is being reported here for the first time, as obtained by the
electrochemical extraction of 3Na* from the pristine structure
Nay;MnV(POy);. The Rietveld refinement profile and the struc-
tural parameters for this material are presented in Figure 6 and
Table 3. According to the Rietveld result, most of the remaining
sodium ions prefer to reside in the Na(1) sites than in the Na(2)
sites. We observe that, after charging up to 4.3 V versus Na*/
Na, the subsequent discharge process is distinct to the charge
process, with a single-phase mechanism from NaVMn(PO,);
to Na,MnV(POy); (Figure 5). The variation of the c-parameter
with x in NaMnV(POy); is nonlinear though (Figure 5d), with
a peculiar intermediate point at pattern no. 40, as illustrated
by the shift of the position of the diffraction peak (024) (Figure 5c).
The pristine crystal structure of Na,MnV(PO,); (pattern no.
0) cannot be fully recovered after one cycle (pattern no. 55) in
this voltage range event though the NASICON framework is
maintained. Even though the unit cell volume is close to that of
the pristine material (A = 0.36 A%, the pattern shapes and rela-
tive intensities are quite different from each other (as shown
in Figure 7). From the Rietveld results summarized in Table 4,
one notes that the Na(2) site could not be completely refilled
after the first charge—discharge cycle.

Interestingly, the electrochemical reaction is reversible
after the first cycle, with the remaining three sodium ions:
Na;3VMn(PO,); <« Nay;VMn(POy);. The diffraction peaks
move more smoothly and the cell parameters change more line-
arly. The shapes of patterns at 2.5 and 4.3 V (pattern nos. 55, 95,
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Figure 5. a) Operando XRD patterns of Na,MnV(PO,); upon galvanostatic charge and discharge processes at INa*/10 h up to 4.3 V during the first
cycle. b,c) Enlarged view of specific 26 regions upon charging and discharging. d) Lattice parameters (first cycle) obtained upon Na* extraction/inser-
tion from/into NayMnV(POy)s in the 2.5-4.3 V versus Na*/Na voltage window. Asterisk: average composition. Black triangle: carbon from electrode

formulation.

130 and pattern nos. 77, 113) are very similar with slight shifts
due to the litle volume change (Figure 8). This structural
change may be caused by sodium loss during electrochemical
process. It can be deduced that this sodium loss occurs in both
of the Na(1) site and Na(2) site, according to the Rietveld refine-
ment results summarized in Table S1 (Supporting Information).

Na, sMnV(PO,),
S.G.: R-3¢

a = 8.4037(6) A
c=21.9652(15) &
V/Z = 223.90(2) &’

15 18 21 24 27 30 33 36
20 (°), A = 1.5418 &

Figure 6. Rietveld refinement of the corrected operando XRD pattern
corresponding to the Na, ;MnV(POy); composition at 4.3 Vversus Na*/Na.

3. Conclusion

In conclusion, we prepared a pure (98.5%) cathode material
Na,;MnV(POy); by solid-state reaction. The crystal structure was
solved and characterized by high-resolution synchrotron powder
X-ray diffraction from which we could obtain reliable values of

Table 3. Crystallographic data for Na; ;MnV(POy); (occ = occupancy).

Na, ;MnV(PO,);

S.G:R3;Z=6 Riragg =3.33%

a=8.4037(6) A; c=21.9652(15) A; c/a = 2.613; R, =23.6%

V=1343.42(16) A%; v/Z = 223.90(2) A} Rup=13.6%

Atomic coordinates

Atom Wyckoff X ¥y z occ
site

o(1) 36f 0.316(4) —0.176(2) 0.2508(5) 1

0(2) 36f  0.2037(19) 0.051(2) 0.3049(4) 1

Mn 12¢ 0 0 0.1486(5) 05

v 12¢ 0 ] 0.1486(5) 05

P 18e  0.2978(10) 0 0.25 1

Na(1) 6b 0 0 0 0.488(14)

Na(2) 18 0.559(5) 0 0.25 0.265(10)
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Figure 7. XRD patterns at cutoff voltage (2.5 and 4.3 V) during the first
cycle in the 2.5-4.3 versus Na*/Na voltage window.

thermal displacement parameters for sodium diffusion path-
ways. The electrochemical performances at two cutoff voltages
(3.7 and 4.3 V vs Na*/Na) delivered the charge capacity of 103 and
156 mAh g (INa*/20 h), respectively. Operando X-ray diffrac-
Hon studies demonstrated the structural evelution during 2Na*
extraction (=3.7 V) and 3Na™* extraction (=4.3 V) processes in the
NASICON-type material for the first time. The electrochemical
cycling between 2.5 and 3.7 V shows the reversible mechanisms
during charge and discharge processes, recovering the pris-
tine structure after two full cycles. In contrast, cycling between
2.5 and 4.3 V shows an irreversible structural evolution during
the first cycle, a common drawback of such substituted materials.
In contrast to many others, the electrochemical reaction for the
reported phase turns to be reversible from the second cycle for
2Na* extraction/insertion processes. Hence, the activation of V¥/
V** redox couple in Mn-substituted NVP material leads to a sig-
nificant improvement of the capacity and energy density. Efforts
should be made in the future in (i) stabilizing the overall three

electrons reaction for two transition metals, (ii) limiting possible
disselution of vanadium, and (iii) understanding the respective
interplays between the Mn?*/Mn* and V¥#/V** redox couples as
a function of cycling rate in this interesting cathode material.

4. Experimental Section

Synthesis: A straightforward solid-state method was used to synthesize
Ma,MnV (PO,); powder samples. VPO, NaH,PO, (Sigma-Aldrich, 98%),
Ma;PO, (Acros-Organics, 96%), and MnCO; (Sigma-Aldrich, 99%) were
mixed in stoichiometric proportions and ball-milled in a SPEX 8000
mixer for 1 h in air. A preliminary thermal treatment was done at 400 °C
for 3 h for dehydration and the resulting powder was mixed within a
mortar, compacted as a 10 mm pellet and heated in a tubular furnace
under Ar atmosphere at 800 °C for 12 h. VPO, was synthesized by
mixing 4.04 g of V05 (Alfa Aesar, 99,6%), 5.12 g of H:PO, (Alfa Aesar,
85% in water), and 2 g of agar-agar (Fisher BioReagents) in 30 mL of
deionized water. The mixture was placed on a heating plate at 80 °C with
constant magnetic steering. The obtained dried powder was milled and
placed in a furnace at 890 °C for 2 h under argon.

X-Ray Diffraction: SXRD data were collected at 298 K at the MSPD
beamline of the ALBA synchrotron in Barcelona, Spain*l The sample
was sealed in a 0.5 mm diameter capillary. Data were collected using
a MYTHEN position sensitive detector in the Debye—Scherrer geometry
at a constant wavelength of 0.82541 A used in the 26 angular range of
1°-72°, with a 28 step size of 0.006%.

In operando X-ray diffraction patterns were recorded using a BRUKER
D8 diffractometer with Cu-K, radiation at room temperature during
electrochemical cycling in a Be-equipped electrochemical in situ cell.[9
The 28 range was between 13° and 39° with the accumulation time
of data collection for one pattern set to 55 min. X-ray diffraction data
treatments, FPM, Rietveld refinements, and BVEL were performed using
the Full-Prof Suite.[®

Electrochemical ~ Characterization: The composite used for
galvanostatic tests was prepared by a mixture of 83 wt% active materials
and 17 wt% Super P carbon, ball-milled in a SPEX 8000 mixer for 15 min
in air. Swagelok-type cells containing about 9 mg of mixed powder as
the positive electrode, sodium metal as the counter and the reference
electrodes, separated by two pieces of Whatman GF/D borosilicate glass
fiber, were used for galvanostatic cycling. GITT tests were made in coin-
type half-cells, with sodium metal foil as the counter and the reference
electrodes, separated by one piece of Whatman GF/D borosilicate glass
fiber. Slurries for thin electrode preparation were made of the active
material, Super P carbon, and polyvinylidene difluoride (PVDF) binder,
mixed at a weight ratio of 85:10:5 in distilled water. The electrolyte was
a 1 M NaPF in EC/DMC 1:1 wt% with 3 wt% FEC inside. Galvanostatic
tests were performed with an Apple Mac Pile potentiostat. Sodium
cells were first charged to 4.3 or 3.7 V at a rate of C/20 per ion (ie,

Table 4. Evolution of the crystallographic parameters in the voltage region 2.5-4.3 V.

scanno.  Potential versus Na*/Na Ma content, x a [ﬁ] [3 [§| vjz [§‘| Occ. (Ma;) Occ. (Nag)
Electrochemical Rietveld refinement

Pristine 4.0 8.96534(2) 21.48319(7) 249.1(1) 0.96 1.00

0 25V 40 Fixed at 4.0 2.9513(3) 21.4517(7) 248.12(13) 0.91(3) 0.98(1)

139 36V 28 ©,:2.95(3) 2.8096(3) 21.3834(7) 239.54(11) 1 0.65(1)

26 38V 17 P, 2.41(3) 2.2102(19) 21.355(7) 239.29(1) 1 0.47(1)
Py 1.68(4) 8.4705(6) 21.6869(15) 224.59(3) 0.66(1) 0.34(1)

3z 43v 11 1.27(4) 8.4037(6) 21.9652(15) 223.90(2) 0.49(1) 0.26(1)

pattern no. 26: fraction: phase a (9,) = 4.7 wt%, phase b (@) = 95.3 wit% (calculated by Rietveld refinement).
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Figure 8. Operando XRD patterns of Na,MnV (PO,); upon galvanostatic charge and discharge processes at 1Na*/10 h up to 4.3 V during the second
and third cycles. Black triangle: carbon from the electrode formulation. Selected in situ XRD patterns and V/Z ratio corresponding to the phases

obtained by Na* extraction/insertion in the 2.5-4.3 versus Na*/Na voltage window.

corresponding to the exchange of 1Na* in 20 h), and then discharged to
2.5 V at the same rate. GITT tests were performed with a Biologic VMP
potentiostat controlled by means of the EC-Lab software.
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