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Abstract

adnus

Vanadium-based fluorophosphates are promising sodium-ion battery cathode materials.

Different ph f NaVPO4F and Na3V,(PO,),F; have been reported in the literature.

\7

However, our experiments suggest there could be confusions about the single-phase

in solid-st

[

esis. Here, systematic investigation of the mechanism underlying structural

and comp @ evolution of solid-state synthesis (NaF:VPO4=1:1) is determined by in-situ

and ex-sit@X-ray diffraction and electrochemical measurements. Three reactions:

N

3NaF+3VIOﬁ—>wasz(PO4)2F3+VPO4 (up to 500°C),
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Na3V,(PO4),F3+VPOs—Na3V,(PO4)3+VF371 (600 to 800 °C), and
2Na3VszO)szO7+Na4P2O7+amorphous products (above 800 °C), are validated by
in situ Xogravimetric analysis/differential scanning calorimetry. None of our
product® JF@eeasistent with single-phase NaVPO4F at any temperature. We speculate that the
assignmentg, of [4/mmm and C»/c NaVPOF from solid-state synthesis are incorrect, which
are instead -phase mixtures of Le Meins’ Na3;V,(PO4),F3, unreacted VPO4 and

hexagonaWPO4)3. Liquid-electrolyte based electrochemical ion exchange of LiVPO4F

U

produces a tavorife NaVPO,F structure, very different from Le Meins’ family of

NagAlz(PEﬂymorphs.

d

Keywordsgolatile VF'; gas, Na3V>(POy)s, tavorite-type NaVPOF

-

Introduc

O

Sodiu atteries (SIBs) are promising alternatives to lithium-ion batteries (LIBs) for

large-scal&energy storage.!'! Due to the high operating voltage and thermal stability,

h

{

vanadiu uorophosphates have aroused great interest as potential cathode materials

for rechar Bs.['“% Among these structures, NaVPOLF (NaF:VPO4=1:1) and

U

Na3zV, (NaF:VPO4=3:2) were first shown by Barker group in 2003 and 2006

A
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respectively as reversible insertion hosts for SIBs.*! Both were obtained by solid-state
synthechhiometric proportions of reactants, namely NaF:VPO,=1:1 feedstock for
NaVPO4VPO4=3:2 feedstock for Na;V,(POy),F;. Barker’s original 2003
referen® #@S@EBEd the thus-obtained NaVPO4F compound as tetragonal I,/mmm; but, it was
mentione the same reference that the XRD pattern was “also in good accordance with the

structural a s of the related compound, Na3Aly,(PO4);F,” [sic, the authors meant

S

o-NasAl, 2] despite the obvious difference in stoichiometry, also I,/mmm, first
described by Le Meins et al. in 1999, with a=6.206 A and ¢=10.418 A."** This allegedly

Ly/mmm N, 4 was reported with a high average discharge potential of 3.7 V (vs. hard

1t

carbon) an ific capacity of 82 mAh g (theoretical capacity should be 143 mAh g if

d

V¥V is YalSuetilized), which might be comparable to the commercial cathode material

LiFePO4 (3. . Li/Li" and theoretical capacity 170 mAh g) of LIBs.”* *! Since then,

M

many attempted to synthesize NaVPO4F to improve its electrochemical

performange.

or

Zh 1. proposed a monoclinic Cr-doped NaVPO4F phase with space group C,/c that

h

|

provides 98.3 mAh g reversible capacity, by solid-state synthesis.'”) However, thereupon

U

they also d that “The proposed structure is in good accordance with the structural

analysi related compound, Na3Al,(PO4),F5” [sic, the authors meant NazM,(PO4),F;5 of

A
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461 The work was then widely cited as NaVPOLF, for example, Zhao et al.

Le Meins’ family].
reporteWansition of NaVPO4F from monoclinic to tetragonal structure during high

temperatu @ ssing by sol-gel method.[”? Xu et al. synthesized tetragonal crystal

NaVPOsFissagdtothermal method, and found that the obtained compound transformed into
monoclini*after heating at 750 or 800 °C in Ar atmosphere.'® Ruan et al. prepared
graphene—Q tetragonal NaVPO4F, and Jin et al. obtained monoclinic NaVPO4F
nanofiber welectrospinning method."”! Recently, Law and Balaya synthesized
monoclinic NaVs )4F by a facile one-step soft template method which delivered high cycling
stability.”Es of the crystal structures and phase transition between tetragonal and

C

n

monoclini &O;;F are confusing. Many of the works after Barker et al. and Zhuo et al.

were base belief that monoclinic C»/c and tetragonal I,/mmm forms of NaVPO,F exist

as singleEmpound after 1:1 stoichiometric solid-state synthesis.** ¢ ']

L

Recen vin et al. proposed a tavorite-type NaVPO4F by liquid-phase hydrothermal
synthesis. structure is also monoclinic with space group of C»/c. However, different
from th 1ously stated structures with acclaimed (but puzzling) similarity to Le Meins

family (MPOA;)ZF%[3 461 Boivin’s structure is built up by VO4F, octahedra chains

connectedEother via POy4 tetrahedra, similar to other tavorite-type compounds such as

LiVPO<X)40H and HVPO4OH. For clarity, in this paper we will denote the
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monoclinic structure pinned down by Boivin et al. as “tavorite-type”, and the other

monochre(s) as “non-tavorite monoclinic” NaVPO4F. Note that while the crystal

drawing aVPO4F was given by Boivin et al.,"'? the crystal drawing of

non-tavieritei@@N aVPO,F was not provided,[é’ " nor was that of tetragonal I,/mmm

NaVPO,F. us, the non-tavorite C»/c and the tetragonal I,/mmm forms of NaVPO4F are

: 11
mysterious oa. 6. 1]

us

Barker et al. demonstrated in 2006 that Na;Va(PO4),F3 can provide 115~120 mAh g’
reversible:,[3 ®l and was initially solved to be tetragonal P4./mnm,”™ belonging to Le

Meins’ family @ a3Al(PO4),F; polymorphs that include the tetragonal 1,/mmm

d

a-Naj 4)2F'3, and can undergo temperature-driven massive transformations within this

M

family, metry has been later revised and established as subtle orthorhombic (b/a

= 1.002) space group Amam by Bianchini et al. by using a high angular resolution

[£

synchrotro ction, “preserving the global geometry of the P4,/mnm framework but

O

s [13]

showing a nt distribution of sodium ions”." " This crystal structure consists of pairs of

h

corner-sh 4F octahedra, which are equatorially connected to PO, tetrahedra via O

{

atoms. oubt about the structural parallels between NaVPO4F and Na3;Aly(PO4),F;

U

despite ob, ichiometry difference was suggested by Sauvage et al..'¥ Moreover, the

clear d in acclaimed lattice motifs in the two monoclinic NaVPO4F with same

A
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materials stoichiometry and space group also fed our suspicion. Therefore, we initially seek
to undeWormation mechanism and define the structure of NaVPOLF.

Q.

Both Mnd tablet samples were prepared via conventional solid-state synthesis

method atfempegdtures from 550 to 750 °C. In situ X-ray diffraction (XRD) and

C

thermogra¥ini€trig analysis/differential scanning calorimetry (TGA/DSC) measurement were

S

employed Stigate the structural evolution details upon the heating process. The
structural and compositional changes can be detected and quantified by recording spectra at a
certain intCnperature. FT-IR, X-ray photoemission spectroscopy (XPS) and high
resolution@sion electron microscopy (HRTEM) measurements were carried out to

compl RD data. The structural and compositional evolution accompanied by

detaile echanisms during the electrochemical process was further evaluated.

L

Results assion

The XRD pattern with Rietveld refinement of the precursor phase (R,=2.3%, Rw,=3.2%)
is preseMure Sla. VPO4 (ICDD PDF No. 01-086-1196) without any impurities is

indeed fo ording to Equation (M1) in methods. The ex situ XRD patterns of the tablet

L

sample PO4=1:1) treated at various temperatures (TS550, TS600, TS650, TS700 and

A
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TS750) are shown in Figure 1a. XRD patterns are measured by mixing 5% silicon (ICDD
PDF NW749) powder in these products to determine the exact composition of tablet
samples. ndicate that these samples are mainly composed of tetragonal
Na;V,(ROMsEE@CDD PDF No. 01-089-8485) and VPO, below 650 °C. A new set of
diffraction peaks of tablet samples can be indexed as the hexagonal crystalline NazV,(POy)3
(ICDD PD #00-053-0018) above 600 °C, with a small amount of (VO),P,0; (ICDD PDF
No. 01-08 and NasP,0O; (ICDD PDF No. 00-001-0356) byproducts. Upon further
heating, a @drop in the intensity of VPO, peaks and a gradual decline in

Nasz(PCE also observed. Fig. 1b depicts the Rietveld refinement of TS600 on the

basis of t}ﬁata, revealing that TS600 consists of Na;V,(PO4),F; and VPO4 with space
/

group of and Cmcem (Ry=3.9%, Rwp,=5.5%), respectively. We are not able to confirm
or deny the orthorhombic space group Amam assignment to NazV,(PO4),F3 by
Bianch “(0/a = 1.002) due to the resolution of our instrument.!*! Therefore, here we

speculate Sat NaVPO4F cannot be synthesized by solid-state synthesis at any temperature,

and Na3Vs part of the reaction products between Na3;V,(PO4),F; and VPO4. The

schematic tructure of the tetragonal P4,/mnm / subtle orthorhombic (b/a = 1.002)
Amam i 2 ib2F3 and hexagonal R3¢ Na;V,(POy); are shown in Figure 1c. Different

from Na3‘$F3 with three dimensional structure of V,03F; bi-octahedra bridged by PO4

tetrahedra, Na; ijO4)3 is built by isolated VOg octahedra and PO, tetrahedra interlinked via

This article is protected by copyright. All rights reserved.
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corners to establish the framework anion [V(PO,);]* . To further confirm our speculation,
a podeterials mixture (NaF:VPO4=1:1) is also calcined at similar temperatures.
XRD patte powder samples (PS550, PS600, PS650, PS700, PS750 and PS800)
are shoWnifEEigare S1b. The graph shows that there has been a sharper decreasing trend in
the intensitigs a3 V2(PO4),F; peaks until they disappeared altogether in PS800, suggesting
that the tab ple impeded volatilization of fluorine and reaction between Na3;V,(PO4),F;
and VPOy4 er confirm the synthetic products, samples with increasing ratio of
feedstock NaF toi/PO4 (1.0:1 to 1.5:1) are calcined at 600 °C. As shown in Figure S1, there
isa stead)ﬂard trend in the intensity of XRD peaks related to VPO4 until it disappears
eventually igcreasing NaF to VPO, ratio, demonstrating that only Na3;V,(PO4),F5 could

be synthes olid-state synthesis.

=
G
=
-
<C
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Figure 1 Crystal ¢ of Na; V,(PO,),F; and Na;V,(PO,);. (a) XRD patterns of the tablet samples calcined at 550-750 °C.

a

(b) Rietveld refinement based on the XRD pattern of tablet sample calcined at 600 °C. Black circle, red line, cyan line and blue
line repre bserved, calculated, background and difference patterns, respectively. The green and magenta tick marks

correspond to 2(POy4),F; and VPO, Bragg reflections, respectively. The abbreviation of NVPF and VP correspond to

\

the Na;V PO,. (c) Schematic crystal structures of the tetragonal P4,/mnm / subtly orthorhombic (b/a = 1.002)

Amam NazV,(PO,),F5 and hexagonal R3¢ Na;V,(PO,);.

Or

To fu derstand crystal structure changes of the raw materials (NaF:VPO4=1:1)

from 25 tog950 °C, in situ XRD and TGA/DSC measurement are conducted (Figure 2). The

g

I

heating n be divided into four regimes by magenta lines in Figure 2: R1 for the

preparation stagedbefore solid-state reactions of raw materials below 400 °C, R2 for synthetic

J

reactio stock materials from 400 to 700 °C, R3 for chemical reaction between

A
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Na3V,(PO4),F3 and VPO, from 700 to 850 °C and R4 for decomposition reaction of
Nagvz(We 850 °C. For clarity, only the characteristic diffraction peak areas of the
phases: ( NaF (ICDD PDF No. 01-070-2508); (111) and (112) peaks of VPOy;
(002) pealesfNasV ,(PO.),F;; (113), (116) and (226) peaks of Na3V,(POy)s; (113) peak of
(VO),P,07.and £005) peak of NasP,O7 are shown. Figure 2a displays the stacked in situ XRD
patterns co ding to TGA/DSC curves. Figure 2b shows the color-coded and

temperatu s@lved intensity plots. The reference color bar is located under each XRD

peak/peak pair, r@pectively. In addition, specific proportions of different components during

US

the comp evolution by semi-quantitative calculation are displayed versus

n

temperatur, igure 3 and Table S1.

c

Author M
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ompositional evolution of raw materials upon heating. (a) Selected area and stacked in situ XRD

patterns correspond to the TGA/DSC curves. (b) The color-coded, temperature-resolved, intensity distribution plots

correspon GA/DSC curves. (c¢) The reference color bar.

InR SGgime, with the temperature increasing up to 300 °C, all diffraction peaks of NaF

and VPO4 wards low angles. This phenomenon results from lattice expansion
triggered by the atomic diffusion. When temperature increases up to 400 °C, intensity of NaF
(002) £\s prominently while intensity of VPO, (111) and (112) peaks declines as
well but“ er, indicating the reaction between NaF and VPO, occurs and the
consump't'ﬁ:f NaF is greater than VPO,. The appearance of the new peak at 16.55° and

<
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the residual peaks of unreacted VPO, affirms the tetragonal/orthorhombic Na;V,(PO4),F; as

a result ; tion in a feedstock of 1:1 NaF and VPOu.

t

(a) wop-

NUSCrip

Mass (o)
S

‘Temperature Difference (W g')

} :
40 600 : 800 1000
Temperature ('C) :

(b) i mm NaF

mm VPO,
. NasV(POL):Fs
 NaVa(PO)s
mm NaP:0: i

(VORP:0-

] 2 2

Percentage (%)

"
S
T

0
25300400 500 600 700 800 900
Temperature ("C)

d

Figure 3 The Sfec mpositional charges (atomic ratio) of raw materials upon heating. (a) The TGA/DSC curves of raw
materials om 50 to 900 °C in Ar flow. (b) The corresponding specific compositional changes calculated by

semi-quantitative ¢ tion of in situ XRD patterns.

\'

In R2pregime, the peak intensity of NaF keeps weakening until it disappears at 500 °C,

while (002 of Na;V,(POy4),F; continues to increase, indicating the synthetic reaction

O

keeps pro until NaF runs out. It should be noted that the ratio of Na3V,(POy),F3 and

VPO, rem@ins 1:1 until both of them exhausted at 800 °C, which matches the expected

g

proportW synthetic reaction of Na3V,(PO4):F3, confirming the reaction product is

Na3zV,(PO4),F5 Mstead of tetragonal NaVPOSF.

U
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In R3 regime, from both stacked linear diffraction pattern and color-coded intensity
plots inW is clear that the peak intensities of both Na;V,(PO4),F; and VPO,
signiﬁcanwhen temperature rises to 700 °C, whereas another series of new and
strong Peaksmgmerze, whose peak positions are nearly the same as the proposed monoclinic
NaVPO,F phasg reported by many previous works./*”" 0. 1116 o further investigate the new
crystal stru > the TGA/DSC measurement corresponding to in situ XRD was employed.
As shown ig@fe 2 and 3, there are a remarkable weight loss (~6.6%) and a strong
endothermic peal@from 650 to 800 °C corresponding to the generation of the new peaks. This
weight losﬂdes the possibility of Na3V,(POs),F3 + VPO4 = 3NaVPO4F. After careful
compariso new peaks can be attributed to hexagonal Na;V,(PO,); (space group R3c.),
with weigm‘[ributed to volatile VF3 (gas). The ~6.6% weight loss is less than the
theoretical p ion of VF3 (~17.5%) because part of the VFj3 is obstructed by the coating
layer o s carbon.!"”! Therefore, tetragonal I,/mmm and non-tavorite monoclinic

Cye NaVs=4F may not exist. They might instead be tetragonal P4,/mnm / subtle

orthorho"@Z 1.002) Amam Na3V,(POy),F3 and R3¢ Na3V,(PO,);, respectively, shown

in Figure ding on the thermal treatment temperature. Because of the loss of VF3,
there c ation of or phase transition to non-tavorite monoclinic C»/c phase
NaVPO,F mhishigher temperatures. Besides, pure rhombohedral Na;V,(PO,); are detected

after complete chgmical reaction at 800 °C.

This article is protected by copyright. All rights reserved.
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In R!, a Erogressive increase of several new peak intensities is observed at 850 °C,

satisfying ism of Equation (3) occurring at high temperature.!'® These new peaks

I
can be attg uted to the (VO),P,07 (113) reflection and NasP,07 (005) peak after rigorous
analysis. WcreiOle, rhombohedral Na3;V,(PO,); cannot sustain temperature above 800 °C and
will decompo (VO),P,07, NayP,07 and maybe other amorphous products (AP) that we
have not clarified yet.'” Due to tableting of raw materials and gaseous reaction product,
chemical 1 etween Na;V,(PO4),F; and VPOy is far from completed in TS750.
Moreover@mical reaction between Na3;V;,(PO4),F; and VPO4 and decomposition

reaction OMPO4)3 are simultaneously occurring at 650 °C, ascribed to the long heat

preserviati for powder samples. To summarize, the structural and compositional
evolution i esis process of raw materials can be described as follows:
3NaF + 3VPO4 - Nasz(PO4)2F3 + VPO4 (up to 500 OC) (1)

Na O4)2F3 + VPO4 — Na3V2(PO4) 3 + VF3T (600 to 800 OC) (2)

2 3V) 04) 3 —> 2(VO)2P207 + Na4P207 + AP (above 800 OC) (3)

This article is protected by copyright. All rights reserved.
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Figure 4 FT-IR spectra of tablet samples calcined at 550 - 750 °C.

Figu s FT-IR spectra between 2400 cm™ to 400 cm™ for as-synthesized

products. [fhe weak bands at 1650 cm™ and 1398 cm™ can be ascribed to O-H bending and

f

O-H vibra -OH groups.® When the temperature rises, these two bands become

d

weaker in powd¢r samples (Figure S2), but no such change occurs in the tablet samples. This

phenomenon 1ndigates tablet hinders the release of gases and the breakdown of C-OH groups.

W

Strong broad band at 1060 cm™ can be attributed to asymmetric stretching of PO4>
tetrahedroghie] relative strength of the bands of absorbance of C-F bond at 1178 cm™,

stretching dn of V-F bond at 944 cm™', symmetric stretching mode of P-O bond at 673

OF

cm’™, vibr 0% unit at 602 cm™ and asymmetric bending vibration v(F,) of PO, at

N

556 cm’ varies with the rising temperature.'*' *?! Stretching vibration of V-F bond (944 cm™)

{

becomes ntil it disappeared, whereas absorbance of C-F bond (1178 cm™) becomes

U

slightly stron t indicates Equation (2) reaction is sustained and part of evaporable

A
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fluoride is captured by carbon coating layer. Furthermore, symmetric stretching of P-O bond
(673 anmmetric bending vibration v(F,) of PO4> (556 cm™) keep lessening,
whereas P2074' unit (602 cm™) intensifies along with the rising temperature
above 68 (@M cans the V,03F; bi-octahedra in Na3V,(POs),F5 transfers to isolated VO
octahedrahz(POz;)g and the reaction product Na3;V,(POy); further decompose as
Na4P,07, 207 and other AP. The much weaker intensity of bands at 944 cm™ and 556
cm™ in pownples obtained at 800 °C (Figure S2) also demonstrates that compact tablet
impedes the ﬂuoS’ne from fleeing the crystal lattice of Na3V,(PO4),F3. Overall, the peak shift
and intensﬂ—situ and ex-situ XRD patterns and the varying strength and position for
bands in FT. ctra confirm that V-F bonds rupture in crystal, fluorine run away from the
Na3;V,(PO; d part of PO4” unit transfer into P,O," group, affirming that feedstock

materials un: three reactions Equation (1), (2) and (3) upon heating.

V]

P=0  P-O
az9) (1329

750°°C A
700 gyé\_
650°C A
600 C_f{\\

r

700°C Lk

Intensity (a.u.)
Intensity (a.u.)

550°C L

688 684 630 292 290 288 286 284 282 280 136 132
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

l Intensity (a.u.)

e 5 XPS spectra of F 1s, C 1s and P 2p for tablet samples calcined at 550 - 750 °C.

A
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X-ray photoelectron spectroscopy (XPS) analysis of tablet samples is shown in Figure
S.In thwra, two components of F-C bond at 687.0 €V and F-V bond at 684.0 eV are

observed. @nsity of F-V bond is gradually and significantly reduced, and F-C bond

increas@d mwelSlower as resultant temperature increases, illustrating that the group related to
F-V bond 1gtapgred off and only part of fluorine has been captured by the coating carbon
layer.”) T s region for tablet samples can be deconvoluted into five Gaussian peaks:

C-C at 28 -0 at 285.8 eV, C=0 at 286.8 ¢V, O-C=0 at 288.5 ¢V and C-F at 289.0

S

eV.[20% 23224 Thsame trend as F-C bond in F 1s region confirms the speculation about the

G

evolution s related to fluorine analyzed by in situ XRD and FT-IR measurement. The

§

P 2p spectr, aracterized by a broadened band which can be decomposed in two

d

different ¢ nts at 133.9 eV for P=0 bond and 132.9 eV for P-O bond. The intensity of

the broaden d suddenly weakens after 700 °C, in good agreement with the

M

decom chanism of Na3;V,(POs); at high temperature shown in Equation (3).

5nm

Snm

Author
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Figure 6 HRTEM images of tablet samples calcined at (a) 550, (b) 650 and (c) 750 °C and FFT pictures correspond to the

selected areas. The abbreviation of NVPF and NVP correspond to the Na;V,(PO,),F; and Na;V,(PO,)s.

T

The Qc Raman peaks are located at 1327, 1587 and 2654 cm™ (Figure S5a),
N
correspon!g g to the D, G and 2D bands of carbonaceous materials, respectively. It has been
reported that the elative intensity ratio of D and G bands (ID/IG) indicates degree of

crystallinigghi jous carbon materials.'*! The ID/IG of each tablet samples is larger than 1,

SC

indicatingﬁrphous nature of carbon. The amount of carbon is estimated to be

approxim, o in the tablet samples (Figure S3b) from the weight loss in air flow. The

morpholo@let samples is exhibited in Figure S3. It is clear that all compounds

composedfof merated nanoparticles, with secondary particle sizes mainly distributed
around e nanoparticles clinging to secondary particles surface of tablet samples
calcined 0 °C might be ascribed to chemical reaction between Na;V,(PO4),F; and

VPO, and decomposition process of NazV,(POy)s. In contrast to stable P element, the amount
of F elemhne steadily after 600 °C (Figure S4), in good agreement with Equation (2).
High reso@nsmission electron microscopy (HRTEM) images confirm the composite
structurmﬂlline particles and amorphous carbon. As shown in Figure 6, all sample
surface“oated by amorphous carbon layer thinner than 5 nm, especially in TS550

and TS650, reveS’ng that the fluorine escaped from Na3;V,(PO4),F; lattice could be

scavenga{carbon layers. The lattice fringe of 5.35 A can be observed inside the

This article is protected by copyright. All rights reserved.
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particles in TS550, consistent with the interplanar spacing of (002) plane of Na3V,(PO4),F3,
which W that TS550 is mainly composed of Na3;V,(PO4),F; particles. As for
TS650, thtion region is obviously divided into two parts: a highly crystalline
layered® @@y ith a layer distance of 5.35 A corresponding to interplanar spacing of
(002) plane 3V2(PO4),F5 on the left side, and another crystalline particle with fringe
spacing of 3% consistent with (002) plane of Na3V,(PO,); on right side. Four divided

parts of th ifomponent TS750 are shown in Figure 6¢. On the basis of relevant fast

US

Fourier transfornjation (FFT) images, crystal in part A can be ascribed to the newly formed
Nasz(PCEcles; crystal in part B can be attributed to the residual Na;V,(POs),F;
particles; a us layer in part C can be established as the coating carbon layer, and empty
region in ﬁ gap of the TEM micro grid copper network. These results have recorded
the process tant loss of Na3V,(PO4),F3 and new generation of Na3V,(PO,); crystals,

consist uation (1) and (2).

Author M
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Figure 7 CV @nd 188t cycle charge and discharge curves of tablet samples calcined at (a) (¢) 550 - 600 °C, (b) (d) 650 - 750
°C.

us

CR2Q1 6 coin cells with Na metal anode were assembled to investigate the detailed

f

electroch rformance of tablet and powder samples. Figure 7 shows the CV curves of

d

sample otential range of 2.5~4.5 V (vs. Na/Na") at a scan rate of 0.1 mV-s™.

When the te ure is elevated up to 550 °C and 600 °C, the samples exhibit two couples

i

of redox peaks (~4.3 V/4.1 V and ~3.8 V/3.6 V vs. Na/Na") which belong to Na3Va(POy),F3,

I

and a cou all redox peaks around 3.4 V/3.3 V (vs. Na/Na") is attributed to

Na3V, (PO S550. It demonstrates that the main active materials calcined below 650 °C

is the well&€stablished Na3;V,(PO4),F;. However, a couple of strong redox peaks of ~3.4

N

V/3.3 VWJ) which belong to Na3V,(PO,); arise when temperature increased above

600 °C. Besides,\another small and broad redox peaks around 2.9 V (vs. Na/Na") are

Ul

observed, be g to the decomposition product of NasV,(PO4)s.'™ The redox peaks of

This article is protected by copyright. All rights reserved.
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Na3Va(POy),F3 (~4.3 V/4.1 V and ~3.8 V/3.6 V vs. Na/Na') and Na;V,(PO,); (~3.4 V/3.3 V
Vs. NH/WIC weaker during elevated sintering temperature above 650 °C, whereas the
small redund 2.9 V (vs. Na/Na") become even larger."® The corresponding
charge/@isel@@geeurves at 0.1 C-rate (0.1 C means full charge/discharge in 10 h) are
presented he 7c and d. The initial charge/discharge curves of the test cells deliver an
initial dismpacity 0f89.7,86.7, 111.4, 105.3 and 94.9 mA h g'1 of TS550, TS600,

TS650, T TS750. The specific charge and discharge potential plateaus (3.5 V/3.3 V

S

vs. Na/Na") capa@ity of Na;V,(PO,); increases at first and then decreases at temperatures

above 65(Ese results indicate that chemical reaction between NazV,(PO4),F3 and

VPO, and osition reaction of Na3;V,(POy4); occur at same time when the temperature
increases upit °C. The charge and discharge curves of powder samples (Figure S6) show
there is a dinffmshing trend in plateaus of NasV,(PO4):Fs. The difference of charge and
discha etween tablet and powder samples illustrates that compacted tablet blocks

the continfipus reaction between Na3;V,(PO4),F; and VPO4 and hinder the fleeing of fluorine.

g

Autho
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Figure 8 (a) X erns of LiVPO,4F and the ion exchange compound after 10, 30 and 50 cycles in a sodium cell; (b) The

1%, 5™ and lw\d discharge curves of LiVPO,F in sodium cell with a potential window of 2.5-4.3 V (vs. Na/Na").

Base;experience, with 1:1 NaF:VPO, feedstock and solid-state synthesis one

cannot ge “phase NaVPOLF compound at any temperature. Instead, one gets two-phase

mixture o@PO4)2F3+VPO4 up to 500°C. The resulting tetragonal P4,/mnm / subtle
oﬂhor@ 1.002) Amam NazV,(PO4),F3 may be easily mistaken to be tetragonal
Ly/mm en from 600 to 800 °C, Na3V,(PO4),F3+VPO4s—Na;3;V,(PO4);+VF31. The
degree of ¥F3 volatilization depend on the temperature exposure and details of pelletization,

however s orization of VF5 and mass loss is unavoidable after 650 °C. Since

Na3zV,(POy)3 ombohedral R3c, it may also be easily mistaken to be non-tavorite

monoc@aVPO;;F.m "I Based on Barker et al. and Zhuo et al.,** ® many researchers

have quotg tetragonal /,/mmm and non-tavorite monoclinic C»/c NaVPOuF from solid-state

synthesis, ple Zhao et al. reported a gradual phase transition of NaVPO4F from

<
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monoclinic at 700 °C to tetragonal at 750 °C,[”) however we believe these assignments of

single-WOJ compound may often be mistaken.

Q.

Since&e not obtained NaVPO,F with solid-state synthesis, we would like to form
NaVPOJ@ter method, liquid-aided electrochemical ion exchange. We perform

Li—Na iomlge on LiVPO4F, by introducing LiVPO4F as cathode to cycle in a sodium

[17, 26

half-cell t aVPOJF electrochemically for comparison. I As shown in Figure 8,

U

the XRD patterns of LiVPO4F and the ion exchanged compound after 10, 30 and 50 cycles

1

are well o After 10 cycles’ electrochemical ion exchange process, Na ions are

expected @ b cations reinserted into VPO4F framework due to preponderant Na ion

d

concen dium half-cell. The crystal structure has changed dramatically after 10

cycles ¢ ascribed to the formation of NaVPO4F. However, this new structure of

NaVPO4F by liquid-phase method is far different from the hypothetical tetragonal 1,/mmm

[

and non-ta C»/c NaVPOGF of previous reports (in the sense that although no explicit

0.

atomic coo s were given and of a different stoichiometry, they were all acclaimed to be
as similarg ; :; Meins’ family).*** % These liquid-phase NaVPO4F belongs to the Tavorite
family M'& 96.12.16. 271 By rthermore, a unique and distinct charge/discharge plateaus
at~3.9V m\! a') is detected in charge and discharge curves (Figure 8b), which is

differe he tetragonal (4.1 V and 3.6 V vs. Na/Na") and non-tavorite monoclinic
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“NaVPO4F” (3.4 V vs. Na/Na),** &% 90:16:271 1 ow strongly suspected to be multi-phase
mixturewms’ Na3;V,(POy),F3, VPO, and Na3zV,(POy)s. Therefore, we would like to
suggest tonal NaVPO4F and non-tavorite monoclinic NaVPO4F are probably
wrong &siSHFeNts in previous cognitions,”® % while tavorite-type NaVPOLF (by
electrochemucakion exchange) and tetragonal P4,/mnm / subtly orthorhombic (b/a = 1.002)

Amam Naj 4)2F3 (by solid-state synthesis) can truly be formed.

Conclusion

TUS

Careful analysis of in-situ XRD during the solid-state synthesis of raw materials (NaF and
VPO, mixﬁ proportion of 1:1) provides insight into the reaction and formation
mechanism gonal P4,/mnm / subtly orthorhombic (b/a = 1.002) Amam NazV,(POs4),F3
of Le ly, but not NaVPO4F. 3:2 reaction of NaF:VPOy into Na3V,(POs),F3

occurred figst at 400 °C; 1:1 chemical reaction between Na3;V,(PO4),F;:VPO4 was observed

at 700 °C ad of forming NaVPO4F as one might expect, due to volatilization of VFj3,
Na3;V,(PO ormed; decomposition of Na;V,(PO4); was discovered at 850 °C. The
tablet samples calcined at various temperatures convincingly demonstrate these

2=

three reac;addition to the different reaction temperatures with longtime insulation.

The electr 1fal ion exchange of LiVPOLF provides the tavorite-type NaVPO4F, far from
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the hypothetical tetragonal and non-tavorite monoclinic NaVPO4F structures reported
previouw/leins’ family Na3V,(POs),F5. The results presented here clarify the
misunderd illustrate that tetragonal NaVPO4F (space group 1,/mmm) probably
does nd# cRESEINMIBreover, due to the major weight loss, non-tavorite monoclinic NaVPO4F
might be eading. These structures might be multi-phase mixtures of Le Meins’

Na; V(PO )y inreacted VPO, andhexagonal Na3;V,(PO,); instead. The understanding

gained ab rmation mechanism upon heating process of 1:1 NaF:VPO,4 raw materials

US

we proposed mayshelp us avoid future mislabeling of fluorophosphate SIB cathode materials.

Methods

dll

Materials ation

N

The active materials calcined at different temperature were prepared by a traditional two-step

1

carbothe ction route. V,0s and NH4H,PO, with a stoichiometric amount was firstly

ball millec aéetylene black (20% excess) in 400 rpm for 6 h to get a uniform particles

distributioff: The mixture was calcined at 750 °C for 8 h in argon (Ar) atmosphere to obtain

£

VPO.. 1 aterials were prepared by mixing and tablet or not with proportion (1:1)

{

of the intermediate VPO, and NaF, then sintered at 550, 600, 650, 700 and 750 °C under Ar

U

flow for 8 h ctively. The first step incorporation reaction may be summarized as:

A
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V,0s + 2NH4H,PO4 + 2C — 2VPO,4 + 2NH; + 3H,0 +2CO - (M1)

The *exﬁausted acetylene black was left as carbon coating on the surface of the active

materials @)roduct.

-

CharacteIQ

In situ and e:x sia XRD measurement was performed to characterize the structural and
compositi:lution upon heating by using an X’pert Pro (PANalytical Ltd., Holland)

with Cu K! radiation (A\=1.5406 A). Characteristic weight loss and thermodynamic heat

energy trmn of the second step mixture precursor were measured by TGA/DSC
analys i ettler Toledo (TGA/DSC 1) thermoanalyzer. The measurement was
conduc;tedﬁom temperature to 900 °C at a heating rate of 10 °C min™. The IR spectra
were obtained by FTIR Spectrometer (Nicolet, iIS10, USA) under transmission mode based
on the KBhnethod in the range of 400-4000 cm-1. XPS was collected by using a
monochr Ka (1486.6 ¢V) radiation. Raman spectra were obtained on a HORIBA
JOBIN'Y micro-Raman spectrometer. The particle morphology of the active materials

(heat-trW550~750 °C, at an interval of 50 °C, in the second step) was observed by

field emission scs‘ning electron microscopy (FE-SEM Quanta 250FEG, FEI, USA).
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Transmission electron microscopy (TEM, FEI TITAN G2, USA) was employed to

characterhology as well as the evolution of raw materials upon heating.

Q.

I
Electrochh‘neasurement
The electrQal performance was carried out with 2016 coin cells assembled in glove
box ﬁlledmh—purity argon gas. In the sodium half cells, the 70% active material, 20%
conducting carbofi (super P) and 10% binder (PVDF) were used as the cathode, a
micropor er (Celgard 2500) as separator, the sodium metal as the anode, and 1 M

solution ow in EC-DMC (50:50) as the electrolyte. The mass loading of active

material in in cell is typically 1.0~1.5 mg cm™, and the electrode footprint area is 2.01
cm’. The ga tatic charge/discharge at the range of 2.5 to 4.2 V vs. Na/Na" was measured
onaC d Battery Testing System, while the cyclic voltammetry (CV) was

performe(Sn a Versatile Multichannel Galvanostat 2/Z (VMP2, Princeton Applied

Research)

SuppoMmation

Supportin;ation is available from the Wiley Online Library or from the author.
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Short summary:

[

Syste gnvestigation of the mechanism underlying structural and compositional

evolution o -state synthesis (NaF:VPO4=1:1) process is determined by in-situ and

N

ex-situ lectrochemical measurements. After the careful analysis, we speculate that

1

the perceptions of tetragonal and non-tavorite monoclinic NaVPO4F are incorrect, and only

U

tavorite-t O4F and tetragonal/orthorhombic Na3V,(PO,),F; can be formed.

A
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