
938 |     Energy Sci Eng. 2021;9:938–949.wileyonlinelibrary.com/journal/ese3

1 |  INTRODUCTION

Aqueous zinc ion battery (AZIB) has drawn increasing at-
tention as one of the most promising candidates of aqueous 
rechargeable batteries. It has high volumetric capacity of 
5852  mA  h  cm−3 and low standard reduction potential of 
−0.76  V vs standard hydrogen electrode (SHE); the zinc 
abundancy in earth crust is 3 times higher than lithium; Zn 
metal is 8 times cheaper than lithium. It is environmentally 
friendly and safe to use.1- 4 However, it is a great challenge to 
design and synthesize cathode materials with desired prop-
erties of both high capacity and great cycling stability due to 
the high polarization of Zn2+, stemming from strong electro-
static interaction between zinc ion and anion lattice as well as 
the large hydrated zinc ions.5

Various cathode materials have been studied and tai-
lored to circumvent some of the problems. For example, 
Prussian blue analogues possess good cycling stability but 

suffer from very low capacity (~30  mA  h  g−1 at discharge 
rate of 60 mA g−1).6 Manganese oxides such as MnO2 and 
α- MnO2 show a high initial capacity but suffer from seri-
ous rapid capacity fading (MnO2 from ~240  mA  h  g−1 to 
80 mA h g−1 after 15 cycles; α- MnO2 from ~130 mA h g−1 
to 80 mA h g−1 after 15 cycles).7- 9 V2O5 has high initial ca-
pacity of ~140 mA h g−1 but also suffered from poor capacity 
retaining (~80%),10 while hydrate vanadium pentoxide with 
pre- inserted cations demonstrated much improved zinc ion 
intercalation properties and battery performances.11

Recently, NASICON compounds as cathode materials of 
AZIB have attracted increasing research interest. NASICON- 
type sodium vanadium phosphate Na3V2(PO4)3 (NVP) was 
first synthesized and studied in 1992, and it was proposed 
as an host for inserting/extracting electropositive ions.12 
Na3V2(PO4)2F3 (NVPF) was investigated in 1999, and basic 
structure of the compound was discovered.13 Since the ionic 
radius of Zn2+ is smaller than Na+, theoretically the insertion 
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Abstract
Sodium superionic conductor (NASICON)- type materials are getting more and more 
attention due to their high capacity and good cycling ability compared with other 
cathode materials in aqueous zinc ion batteries (AZIB). The present paper was to 
study the synthesis and electrochemical properties of two NASICON compounds 
of Na3V2(PO4)3 and Na3V2(PO4)2F3 and to understand the impacts of fluorine. Both 
Na3V2(PO4)3 and Na3V2(PO4)2F3 are synthesized by hydrothermal growth followed 
with annealing at 800°C in inert gas. With 3 mol/L Zn(CF3SO3)2 in water as elec-
trolyte, Na3V2(PO4)3 offered a high storage capacity, while Na3V2(PO4)2F3 demon-
strated a high discharge voltage though low storage capacity. It was also found that 
the storage capacity of Na3V2(PO4)2F3 increases with increased cycles; however, the 
compound undergoes a gradual phase transition. It is discussed possible approaches 
to attain both high discharge voltage and large capacity with good cycling stability.
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or extraction of Zn2+ in Na+ compound is expected to have 
little obstacle. Graphene- like carbon coated NVP was first 
tested in AZIB and demonstrated decent capacity, though 
with low cycling stability of only ~74% initial capacity re-
mained after 100 cycles.14 On the other hand, carbon coated 
NVPF displayed with excellent cycling ability (~95% capac-
ity retention over 4000 cycles).15 However, lately structural 
decomposition of both NVP and NVPF cathode materials 
was discovered as well as the product of their decomposi-
tions, which provides another unique angle to study the 
NASICON cathode behavior mechanism of AZIB.16,17 It is 
unclear the difference between the decomposition effect due 
to the presence of fluorine.

Figure 1 shows the crystal structures of NVP and NVPF. 
The structure of NVP is oriented in the order that one oc-
tahedral VO6 is cornered by four tetrahedral PO4. One PO4 
is connected by two VO6 and Na1, while Na2 is only sta-
tioned between two VO6 (2 Na2 in 18e position and 1 Na1 
in 6b position). The occupancy of Na1 (0.81) site is larger 
than the occupancy of Na2 (0.73) site, the bond length of 
Na1- O (2.50  Å) is shorter than Na2- O (2.63  Å) (Table  1), 
and result in only Na ions in Na2 sites will be extracted and 
replaced by Zn ion during charging process. During charging 
process, two Na+ will be replaced by one Zn2+ to create 
ZnNaV2(PO4)3 and during insertion/extraction of Zn2+, the 
valence of vanadium is changing from +3 to +4.18,19 During 
insertion, some extracted Na ions in electrolyte will also be 
intercalated back to Na2 sites.

In NVPF structure, each bi- octahedral V2O8F3 is con-
nected by two tetrahedral PO4 and one F atom, with Na1 and 
Na2 sites in between layers.20 One Na ion in Na1 site and two 
Na ions in Na2 site are both in 8i position; however, Na ions 
in Na2 (0.5) only have half the occupancy of Na1 (1). The F1 
is in 4f position, F2 is in 8j position, and they are both fully 

occupied by fluorine. The bond length of F1- Na1 is 2.50 Å, 
F1- Na2 is 2.74 Å, F1- V is 2.02 Å, F2- Na1 is 2.50 Å, F2- Na2 
is 2.39 Å, and F2- V is 1.88 Å (Table 2). This suggests that 
the fluorine atoms in F1 sites have a weaker bond than in F2 
sites. Due to the structure stabilization of fluorine in NVPF, 
initially only one Na+ can be extracted and replaced by Zn2+ 
to form Zn0.5Na2V2(PO4)2F3, since Na2V2(PO4)2F3 is consid-
ered as a stable structure.21 However, it is possible for fully 
extraction of 2 Na+ in Na2 sites at late charge/discharge pro-
cess but will result in irreversible structure decomposition.22 
Reverse insertion of Na+ will happen due to electrolyte Na+ 
presence from previous extraction process as well.

The valence electrons of V in NVP and NVPF are both 
+3. Based on the electronic configuration of V3+, it is ex-
pected to see two unpaired spins in the d orbital. The bonding 
environment for V in both materials is high splitting octa-
hedral crystal structures and indicates both the spins will 
enter the lower t2g orbital.23 Such arrangement creates a large 
orbital energy that can contribute to the material electronic 
potential. Since both O2− and F− are weak field ligands, thus 
their effect on splitting as well as orbital energy does not have 
significant difference. However, the insertion of F atoms in 
NVPF increases the space of the matrix, which creates three- 
dimensional ion transport tunnels that can facilitate kinetic 
movements of Zn2+ and Na+. At the same time, the higher 
electronegativity for F compare with O can induce the 
voltage platform that results in a larger voltage potential.24 
Unfortunately, this also means F− has a bigger tendency to 
form more stable compounds with other ions during cathode 
decomposition.

In this work, impacts of fluorine in NASICON- type 
compound cathodes on the electrochemical properties 
and structural evolution are studied. By using XRD, SEM, 
EDS, and XPS characterization, as well as galvanostatic 

F I G U R E  1  Schematic crystal structure of NVP (left) and NVPF (right)
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charge/discharge and CV tests, the hypothesis of fluorine in 
NASICON- type compound has significant influences on the 
decomposition process can be well supported. Corresponding 

data are analyzed, and possible mechanisms are elaborated, 
which may offer useful perspective on the further develop-
ment and optimization of fluorine contained NASICON cath-
ode materials.

2 |  MATERIALS AND METHODS

2.1 | Material synthesis

For preparing the carbon coated NVP (NVP@C), 0.48  g 
Na2CO3, 0.55 g V2O5, 1.05 g NH4H2PO4, and 0.40 g ascor-
bic acid (as a reducing agent) were added to 75 mL distilled 
water under strongly stirring at 80°C. Then, 2 mL of H2O2 
was added into the solution as a catalyst. Ultimately, the 
color of solution turned from bright orange to dark green.

For preparing the carbon coated NVPF (NVPF@C), 
1.26 g NaF, 2.34 g NH4VO3, 2.30 g NH4H2PO4, and 3.00 g 
citric acid (as carbon source) were added to 75 mL distilled 
water under strongly stirring at 80°C, until the color of solu-
tion turned from bright yellow to dark green.

Both solutions were transferred into 100 mL Teflon lined 
stainless steel autoclave and held at 180°C for 12  hours. 
Then, the obtained precipitates were washed by deionized 
water and freeze dried in vacuum for 2- 3 days until the water 
was completely removed. Finally, the dry gel was grinded 
into fine powders and heated to 800°C for 2 hours at a heating 
rate of 5°C/min under Ar- 5%H2 gas in a tube furnace.

2.2 | Electrochemical property and device 
performance measurements

The electrochemistry of NVP@C and NVPF@C cathodes 
were examined in CR2032 coin cells. Cathode material 

T A B L E  1  Atomic coordination and structure parameters of NVP

a b c α β γ

8.73 Å 8.73 Å 21.80 Å 90° 90° 120°

x y z Occupancy Site

V1 0.33 0.67 0.02 1.00 12c

Na1 0.33 0.67 0.17 0.81 6b

Na2 0.67 0.97 0.08 0.73 18e

P1 −0.04 0.33 0.08 1.00 18e

O1 0.14 0.50 0.08 1.00 36f

O2 0.54 0.84 −0.03 1.00 36f

T A B L E  2  Atomic coordination and structure parameters of NVPF

a b c α β γ

9.05 Å 9.05 Å 10.71 Å 90° 90° 90°

x y z Occupancy Site

F1 0.25 0.25 0.00 1.00 4f

F2 0.25 0.25 0.36 1.00 8j

Na1 0.52 0.23 0.00 1.00 8i

Na2 0.80 0.05 0.00 0.50 8i

P1 0.00 0.50 0.25 1.00 4d

P2 0.00 0.00 0.26 1.00 4e

O1 0.10 0.41 0.16 1.00 16k

O2 0.09 0.09 0.17 1.00 8j

O3 0.40 0.40 0.16 1.00 8j

V1 0.25 0.25 0.19 1.00 8j

F I G U R E  2  (A) XRD patterns of pristine NVP@C and annealed at 800°C in Ar- 5%H2 gas for 2 h. (B) XRD of NVPF@C and annealed at 
800°C in Ar- 5%H2 gas for 2 h
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NVP@C or NVPF@C was mixed with Super P carbon black 
and 20 mg/mL Polyvinylidene fluoride (PVDF) at a mass ratio 
of 7:2:1. The volume loading of the mixture was controlled 
to 0.3 mL. The mixture was then coated on ~8 mm diameter 
Ti disks and dried in vacuum oven at 80°C for 12 hours. Zn 
foil was used as the battery anode, and glass fiber was used as 
the separator. 3 mol/L Zn(CF3SO3)2 was used as the aqueous 
electrolyte. The galvanostatic charge/discharge test was op-
erated at a voltage range of 0.2- 1.8 V with current density of 
50 mA/g, and the cyclic voltammetry (CV) test was operated 
by a scanning rate of 0.1 mV/s at room temperature.

2.3 | Structural and composition 
characterization

The visualized models and related parameters of both NVP 
and NVPF crystalline structures were created by VESTA 
software. Crystal structures were determined by X- ray dif-
fractometry (XRD) using a Bruker D8 Discover Microfocus 
XRD in 2θ from 10° to 60°. The morphologies and chemical 
compositions of the resulting samples were characterized by 

means of scanning electron microscopy (SEM) and energy- 
dispersive spectroscopy (EDS) using a FEI Sirion XL30 
SEM. The bonding information was collected by X- ray pho-
toelectron spectroscopy (XPS) using a Kratos Axis Ultra 
DLD X- ray Photoelectron Spectrometer.

3 |  RESULTS AND DISCUSSION

Figure 2 compares XRD patterns of NVP@C and NVPF@C 
before and after annealing at 800°C in Ar- 5%H2 gas for 
2  hours. All the peaks are indexed and corresponded very 
well to the data (PDF#: 00- 062- 0345 and PDF#: 00- 066- 
0321) as well as in good agreement with literatures.20,25- 27 
There is no parasitic crystalline phase detectable in all sam-
ples before and after annealing, though the enhanced intensi-
ties and reduced FWHM of XRD patterns of annealed sample 
suggested the annealing does improve the crystallinity and/
or the growth of crystal size, in a good agreement with that 
reported in literature.28 Figure 3 is the SEM pictures of NVP 
and NVPF before and after annealing, which revealed that 
particle sizes of both NVP@C and NVPF@C are larger after 

F I G U R E  3  (A) SEM image under 5 µm for pristine NVP@C. (B) SEM image under 5 µm for annealed NVP@C at 800°C. (C) SEM image 
under 5 µm for pristine NVPF@C. (D) SEM image under 5 µm for annealed NVPF@C at 800°C

(A) (B)

(C) (D)
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942 |   LIU et aL.

annealing, corroborating the XRD results, which is in con-
sistence with the literatures.16,29 The surface of NVPF@C 
appears to be less porous and better faceted than that of 
NVP@C, which may attribute to the possible catalytic ef-
fects with the introduction of fluorine during the synthesis.

Figure 4A shows the CV curves of NVP@C of first three 
cycles at a scan rate of 0.1 mV/s from 0.2- 1.8 V. There is 
a pair of major redox peaks observed in both electrodes. 
For NVP, the oxidation peak in the first cycle appears at 
1.42 V corresponding to Na+ extraction to form the new host 
(NaV2(PO4)3). In the subsequent 2nd and 3rd cycles, redox 
peaks at 1.42/1.31 V are attributions of Zn2+ intercalation/
deintercalation into/from NaV2(PO4)3, which corresponds 
to the valence change of V3+/V4+.24,25 A smaller reduction 
peak shows around 1.05  V indicates the diffusion of Na 
ion from electrolyte to Na1 and Na2 sites by structural re-
arrangement to reduce the lattice energy, which is different 
from Zn2+.29- 31 CV scan was also conducted at a scan rate 

of 2 mV/s with the results shown in Figure 4B. The small 
reduction peak disappeared. As the Zn2+ concentration in the 
electrolyte is much higher than Na+ and the diffusion process 
is more in favor of Zn2+ intercalation during a faster discharg-
ing rate.14,32 Figure 4C shows the CV curves of NVPF@C at 
0.1 mV/s from 0.2 to 1.8 V where two pairs of redox peaks 
can be seen clearly. In the first cycle, the first cathodic peak 
at 1.37 V indicates extraction of half Na+ from Na2 site to 
form Na2.5V2(PO4)2F3. The second peak at 1.72 V attributes 
to the removal of another the other half Na+ in Na2 site to 
form Na2V2 (PO4)2F3 due to higher potential. The first anodic 
peak at 1.62 V corresponds to insertion of half Zn2+ to form 
Zn0.5V2 (PO4)2F3, and the second peak at 1.21 V corresponds 
to sodium ion insertion. In the subsequent cycles, repeatable 
redox peaks at 1.37/1.21  V and 1.72/1.62  V are attributed 
to the stable extraction/insertion of Na+/Zn2+ ions, accom-
panied with in the valence change of vanadium ions in a mix 
state of V3+/V4+.15,33 In Figure 4D, CV scans of NVP@C and 

F I G U R E  4  (A) CV graph of NVP@C//Zn at a scan rate of 0.1 mV/s. (B) CV graph of NVP@C//Zn at a scan rate of 2 mV/s. (C) CV graph of 
NVPF@C//Zn at a scan rate of 0.1 mV/s. (D) CV scan comparison of the 3rd cycle of NVP@C and NVPF@C at a scan rate of 0.1 mV/s
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   | 943LIU et aL.

F I G U R E  5  (A) Charge and discharge curves of NVP@C//Zn at 1, 2, 5, and 7 cycles. (B) Charge and discharge curves of NVPF@C//Zn at 1, 
2, 5, and 7 cycles

F I G U R E  6  (A) XRD patterns of NVP@C after 0, 5, 15, 30, and 50 cycles. (B) XRD patterns of NVPF@C after 0, 5, 15, 30, and 50 cycles. 
(C) Possible impurity phases selected by peak fitting of NVP@C surface after 50 cycles. (D) Possible impurity phases selected by peak fitting of 
NVPF@C surface after 50 cycles
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944 |   LIU et aL.

NCPF@C at scan rate of 0.1 mV/s are compared. NVPF@C 
has higher redox potential with lower specific capacity com-
pared with NVP@C. This may well attribute to the large elec-
tronegativity of fluorine, resulting in a high crystal field, the 
addition of fluorine can increase electronic potential as well 
as improve the structural stability.21,34

Figure 5A,B is the galvanostatic charge/discharge curves 
of respective NVP@C and NVPF@C cathodes at a rate of 
50 mA/g. For NVP@C, there are four voltage plateaus agree-
ing well with two pairs of redox peaks in the corresponding 
CV curves. In the first cycle, only one charge plateau appears 
at 1.4  V attributing to the extraction of two Na+ ions and 
the two discharge plateaus at 1.31 and 1.1  V indicate the 
co- insertion of Na+ and Zn2+ ions at different rates. In the 
second cycle, the first charge plateau appears at 1.40 V at-
tributing to the extraction of Na+ and the second charge pla-
teau at 1.2 V corresponds to the extraction of Zn2+. The first 
discharge plateau near 1.35 V is the Zn2+ insertion and the 
second discharge plateau near 0.9 V indicates the Na+ rear-
rangement.14 For NVPF@C, the charge and discharge pla-
teaus can be similarly attributed to the insertion/extraction 
of zinc and sodium ions and corroborated with the redox 
peaks observed in the CV curves. The first charge plateau 
near 1.35 V corresponding to the extraction of the first half 
Na+ and the second charge plateau near 1.7 V indicate the 
extraction of the second half Na+. The first discharge plateau 
near 1.65 V corresponding to the insertion of one half of Zn2+ 
ion and the second discharge charge plateau near 1.2 V indi-
cate the co- insertion of the Na+ as proposed in literature.15,35

The higher charge/discharge voltages of NVPF than that 
of NVP are attributed to the presence of fluorine; for a give 
transition cation in a given crystal structure, coordination 
anions would affect the charge- discharge orbits by shifting 
the potentials level of electron accommodating d- orbitals 

and the potential increases with the increasing electronega-
tivity of anions.36 The structure has higher stability, and the 
movement of Na+ ion is restricted which is the reason that 
NVPF@C has the lower initial capacity than NVP@C.21

Figure  6A,B shows the ex- situ XRD patterns of both 
NVP@C and NVPF@C after various charge- discharge cy-
cles. After 50 cycles of charge and discharge, the intensity of 
original peaks is either reduced or completely disappeared. 
Furthermore, high intensity new peaks appeared in NVP@C 
at around 17°, 25°, 30°, 34°, 40°, and 42°. It is noticed that 
peak at around 25° cannot be fitted through the current da-
tabase and may be the newly formed MVOH compounds 
(NaVOH/ZnVOH).11,37 For NVPF@C, the new peaks are 
approximately at 16°, 25°, 30°, 35°, 42°, and 48°. By com-
paring both of the images, it can be seen that NVPF@C suf-
fers more prime intensity reduction, peak shifts, background 
noises, and new phase formations. It indicates the decomposi-
tion phenomenon in NVPF@C is more serious than NVP@C 
under the same condition. In order to determine the possible 
products of decomposition, the XRD patterns were analyzed 
by peak fitting. Both results are shown in Figure  5C,D. It 
is noted that due to the large noise of the scan results, only 
the most obvious intensity peaks can be approximately deter-
mined. Also, peak shifts may be due to the broadening effect 
of the individual peak. The specific chemical reactions during 
the decomposition process are difficult to be determined; it is 
suspected that some of the side products may cause by reac-
tions between the drying electrolyte and air during battery 
dissemble. Through the analysis, it can be seen that the pres-
ence of fluorine can be found in many impurity compounds, 
which indicates it might be the key element that results in 
serious decomposition of NVPF@C.

Figure 7A compares the CV curves of both NVP@C and 
NVPF@C derived from the 50th charge- discharge process. 

F I G U R E  7  (A) CV curves derived from galvanostatic charge/discharge tests at the 50th cycle for both NVP@C and NVPF@C. (B) 
Galvanostatic charge/discharge test at the 50th cycle for both NVP@C and NVPF@C
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It can be seen that NVP@C retains its redox peaks with rel-
atively strong signals at ~1.3 V. The small reduction peak at 
~1.05 V disappeared, suggesting the Na ion insertion is no 
longer present. While in NVPF@C, the characteristic redox 
peaks of 1.38/1.25 V disappeared and the pair of peaks of 
1.72/1.65 V possess significantly reduced intensity. Two new 
pairs of redox peaks appear at lower voltages of ~0.6- 1.0 V, 
suggesting the change of electronic structure of electroactive 
materials. Figure  7B shows the galvanostatic charge/dis-
charge curves of both NVP@C and NVPF@C at the 50th 
cycle. The new charge/discharge plateaus for NVPF@C 
are barely noticeable. The voltage window for NVPF@C 
has dropped from about 1.65 V to 0.8 V, while the voltage 
window for NVP@C remains almost unchanged at around 
1.35  V. The much- increased capacity of NVPF@C from 
about 80 mAh/g to 130 mAh/g indicates the possible com-
plete extraction of two Na ions from the matrix. The capacity 
does not decrease but the voltage window decreases, likely 
result from the phase decomposition. The exact reason for 
such phenomenon is still unclear; however, it is possible re-
lated to the highly conductive fluorine compounds formed 
during the decomposition process.

Figures 8 and 9 show the atomic compositions at surface 
of NVP@C and NVPF@C before and after cycling. It should 
be noticed that foreign elements of Ti, Si, Ca, Al, and Mg are 
error readings of the scan. By comparing the surface element 
compositions of NVP@C before and after cycling, it can be 
seen that the increase of O and increasing of F and S is prob-
ably due to formation of F-  or O- based compounds during 
electrolyte or PVDF decomposition. The insertion of Zn2+ 
and extraction of Na+ cause the appearance of Zn element 
and decreasing of Na weight percentage. The decreasing of V 
and P elements indicates the occurrence of cathode decom-
position. In NVPF@C, it can be seen that the cathode is also 
going through decomposition process; however, the increase 
in vanadium content could be a scanning error. The compo-
sition mapping of both cathode materials shows the change 
of chemical contents after cycling, and it can be seen that the 
decomposition behavior on NVPF@C surface is less uniform 
and more severe than on NVP@C.

Figure  10A shows C 1s spectra for both NVP@C and 
NVPF@C. After 50 cycles, the intensity of C- C/C- H 
(~284.8 eV) compared with pristine state is dramatically re-
duced. Other peaks such as aromatic C or C=O (for NVP@C) 

F I G U R E  8  EDS and atomic composition mapping of NVP@C (A and B) Before cycling. (C and D) After the 50th cycles

(A)

(C)

(B)

(D)
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are completely disappeared. The increased intensity of C- O 
peaks at ~286 eV for both materials may be due to the car-
bon oxidation at the interface.17 Metal- C peak newly ap-
pears at ~281 eV for NVP@C may be due to the formation 
of solid electrolyte interface (SEI) at the sample surface. It 
can also clearly see that the presence of strong C- F peaks 
at ~293 eV for both materials after cycling. The source of F 
may come from electrolyte as well as PVDF during the de-
composition process. Figure 10B shows F 1s spectra in both 
material before and after cycle. In pristine NVP@C, C- F, 
and metal- F peaks at ~690 and ~688 eV may imply that F 
in PVDF is forming bonds with C and Na. While for pris-
tine NVPF@C, two metal- F peaks are spotted at ~685 and 
~688 eV may correspond to V- F and Na- F. After 50 cycles, 
both materials exhibit only one large C- F peak at ~688.5 eV; 
however, the broadness of the F 1s peak indicates there are 
more than one C- F bonding environments for both materials. 
Figure 10C shows V 2p spectra of both materials. For pris-
tine NVP@C, the peak at ~517.4 and ~524.8 eV corresponds 
to V3+ environment which agree with the chemical formular. 
However, the spectrum changes significantly after 50 cycles. 
The reduced intensities of V3+ peaks indicate the material 

decomposed into other vanadium valance states (+4/+5).16 
The disappearance of Na peak corresponds to complete Na+ 
extraction. The increasing of metal hydroxide and decreasing 
of metal- O indicates H2O solvation effect during decomposi-
tion. For pristine NVPF@C, the peaks at ~518 and ~525 eV 
indicate the corresponding V3+ valence environment. After 
50 cycles, the vanadium peaks are too low to be detected, 
which indicates that vanadium is almost decomposed out of 
the NVPF structure into other compounds.

It was found that the valence charge of ions in NVPF is 
slightly larger than in NVP, which makes them easier to form 
stable ionic compound with fluorine, especially with transi-
tion metal such as vanadium.21,38 In addition, formation of 
possible SEI on NVPF@C surface was in a good agreement 
with literature,15 and because of the small volume and high 
concentration of Zn2+ ions,39 Zn2+ can penetrate the SEI and 
keep forming Metal- F and C- F bonds during the decompo-
sition process. The absence of fluorine may propagate the 
structural collapsing of the NVPF during original cathode de-
composition process. It may be predicted that such phenome-
non creates a detrimental cycle until fluorine in lower energy 
site is depleted from the structure, which increases the speed 

F I G U R E  9  EDS and atomic composition mapping of NVPF@C (A and B) Before cycling. (C and D) After the 50th cycles
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of decomposition. By analyzing the collected data, due to all 
the evidence displayed, it could be reasonably concluded that 
the presence of fluorine is acting as a negative factor for cycle 
stability in NASICON- type cathodes for AZIB. To possibly 
suppress the fluorine reactions from NVPF with other ions, 
a thin protective fluorine compound layer can be coated to 
NVPF surface. During original cathode decomposition, the 
ions in the electrolyte may prioritize the protection layer for 
reaction, which may significantly slow down the cathode de-
composition process. It is also possible to add active fluo-
rine ions in electrolyte to achieve the same goal, which may 
provide a good research direction to future optimization for 
fluorine contained cathode materials.

4 |  CONCLUSIONS

Carbon coated Na3V2(PO4)3 and Na3V2(PO4)2F3 without detect-
able parasitic impurity phase were synthesized by hydrothermal 

growth followed with annealing in inert gas at 800°C and tested as 
cathodes in AZIBs with 3 mol/L Zn(CF3SO3)2 aqueous electro-
lyte. Na3V2(PO4)3 demonstrated a large zinc ion storage capacity 
with a good cycling stability, while fluorine in Na3V2(PO4)2F3 
effectively enhanced the redox potential, due to its large elec-
tronegativity and its impacts on crystal field; however, it com-
promises the phase stability during the charge- discharge cycling, 
though with an increased storage capacity.

The fluorine ions with strong electronegativity are readily 
leached by acidic aqueous electrolyte, leading to the collapse 
of Na3V2(PO4)2F3. Passive coating or enhanced pH value of 
aqueous electrolyte may retard the leach of fluorine from 
Na3V2(PO4)2F3, which are the subjects for further study.
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