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A surface-modified NazV,(PO,)>F3z cathode with
high rate capability and cycling stability for sodium
ion batteries
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High voltage, high rate, and cycling-stable cathodes are urgently needed for development of commercially
viable sodium ion batteries (SIBs). Herein, we report a facial ball-milling to synthesize a carbon-coated
NazV,(POy4),F3 composite (C-NVPF). Benefiting from the highly conductive carbon layer, the C-NVPF
material exhibits a high reversible capacity (110.6 mA h g~* at 0.1C), long-term cycle life (54% of capacity
retention up to 2000 cycles at 5C), and excellent rate performance (35.1 mA h g~* at 30C). The present
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1. Introduction

Sodium ion batteries have been considered as a promising
alternative to Li-ion batteries for energy storage applications
because of the low cost and abundant resources of sodium.*
However, it is hard to find suitable host materials for reversible
Na ion insertion/removal due to the larger size and sluggish
diffusion kinetics of Na ions as compared to Li ions. In the past
few years, many studies have focused on a variety of cathode
host materials such as transition-metal oxides,*”
phosphates,'*** and ferrocyanides'®"” that have been explored
as potential cathodes for sodium ion batteries (SIBs), which
show a relatively high operating voltage (~3.0 V). However, most
of the reported cathode materials displayed either multiple
charge-discharge steps or poor cycling stability, hindering
battery applications. In contrast, Na;V,(PO,),F; appears to be
an appealing candidate for Na-ion battery cathodes due to its
high working voltage plateau, excellent rate capability, and
cycling stability."®>°

NazV,(PO,),F; was first studied as a cathode material for
lithium-ion batteries and reported by Barker's group in 2006,>**
and NazV,(PO,),F; as a cathode material for sodium-ion
batteries was first reported by Shakoor.*® Since then, many
efforts have been devoted to improving the electrochemical
performance of NazV,(PO,),F; by doping, carbon coating and
nanoarchitecturing.>**° Recently, Liu et al*® synthesized
a carbon-coated Na;V,(PO,),F; composite with a specific
capacity of 130 mA h g~ that can be stably cycled for 3000
cycles. Shen et al*® prepared the NVPF@C/CNT complex by
spray drying with a capacity of 85 mA h g™ " at 30C. Li et al.”’
widened the ion diffusion channel by doping potassium at the
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vanadium position, and the material had a capacity of
120 mA h g~ ' at 1C, a capacity of 90 mA h g~ after 1600 cycles at
10C, and a capacity retention rate of 90% after 6000 cycles at
50C. Broux* assembled the 18650 battery by using NazV,(-
PO,),F; as the positive electrode and hard carbon as the nega-
tive electrode, which had an energy density of 75 W h kg™, and
exhibited good electrochemical performance even at 0 °C. For
the question of whether the third sodium ion in Na;V,(PO,),F;
can be shed, Tarascon's research group has carried out some
research in this field. They demonstrated through solid-state
NMR and other characterization techniques and the experi-
mental result shows that Na;V,(PO,),F; can achieve reversible
intercalation of the third sodium ion when the cut-off voltage is
reduced to 1.0 V, which broaden the scope of its use.

However, building a better conductive layer by more facile
synthesis still remains a challenge for development of
commercially viable Na;V,(PO,),F;/C material. Carbon appears
to be an ideal coating material for building a conductive
framework for high performance electrodes because of its
superior electronic conductivity and structural flexibility. As
a result, the as prepared C-NVPF electrode demonstrated a high
Na storage capacity (110.6 mA h g~' at 0.1C) with superior
cycling stability (54% of capacity retention over 2000 cycles at
5C) and high rate capability (35.1 mA h g~* at 30C), showing
a promising application for sodium ion batteries.

2. Materials and methods

2.1 Materials synthesis

2.1.1 The preparation of VOPO,-2H,0. VOPO,-2H,0 was
prepared by solution reaction method. First, 4.8 g V,05 was
added to 120 mL aqueous solution containing 25 mL phos-
phoric acid, then the mixture was refluxed at 115 °C for 24 h,
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and finally the mixture was centrifuged to obtain the final
product VOPO,-2H,0.

2.1.2 The preparation of Na;V,(PO,),F;. Na;V,(PO,),F; was
prepared by high-energy ball milling combining high-
temperature calcination method. First, the stoichiometric
ratio of NaF and VOPO,-2H,O is added to the high-energy ball
mill tank. To reduce V** to V** citric acid (VOPO,-2H,0 : citric
acid = 5: 1) was added during the ball milling process. Then, an
appropriate amount of ethanol was added to the mixture for 6 h
ball milling and dried the mixture in an oven at 80 °C to obtain
the precursor. Finally, the precursor was calcined at 600 °C for
6 h in an atmosphere of Ar to obtain the final product NasV,(-
PO,),F;, marked as bare-NVPF.

2.1.3 The preparation of carbon coated NazV,(PO,),F;. The
synthesis of carbon coated NasV,(PO,),F; was similar to that of
bare Na;V,(PO,),F;. Citric acid is used as both a reducing agent
and a carbon source, in which the ratio of VOPO,-2H,0O and
citric acid is 3:1, and the resulting material is marked as C-
NVPF.

2.2 Materials characterization

Transmission electron microscope (TEM) and scanning elec-
tron microscope (SEM) images were conducted on a trans-
mission electron microscope (JEM-2100FEF) and a scanning
electron microscope (SEM, ZEISS Merlin Compact), respectively.
The element dispersive spectroscopy (EDS) mapping analysis of
the composites was determined by an energy dispersive spec-
trum (EDS) oxford detector (INCAPentalFETx3, Oxford Instru-
ments). X-ray powder diffraction (XRD) patterns were carried
out on a Shimadzu XRD-6000 diffractometer with Cu Kea. The
diffraction data were recorded with a scan rate of 2° min~* in
the 26 range of 10-80°. The BET surface area was obtained by
using a surface area and porosity analyzer (ASAP-2020 HDS8).
Raman spectroscopy was carried out by using a laser micro-
Raman spectrometer (Renishaw inVia, Renishaw, 532 nm exci-
tation wavelength). The carbon content was tested on CHNSO
Vario EL cube (Elementar Analysen systeme GmbH, Germany).
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The elemental content and valence state were obtained by
inductively coupled plasma emission spectroscopy (ICP-AES)
and X-ray photoelectron spectroscopy (XPS), respectively.

2.3 Electrochemical investigation

Electrochemical measurements were carried out using CR2016
coin cells. The working electrodes were made by blending
80 wt% of the active material, 10 wt% of the acetylene black and
10 wt% of the polyvinylidene difluoride (PVDF) binder in N-
methyl-2-pyrrolidone, and the active mass loading of the elec-
trodes is about 1-1.2 mg cm ™. The obtained slurry was pasted
onto aluminum foil and dried at 100 °C for 10 h in vacuum to
evaporate N-methyl-2-pyrrolidone. Sodium metal was used as
the anode for half cells. The electrolyte was 1.0 mol L™ NaClO,
dissolved in ethylene carbonate/diethyl carbonate (EC/DEC, 1: 1
by vol). All the cells were assembled in a glovebox (water/oxygen
content <0.5 ppm) and tested at room temperature. The galva-
nostatic discharging-charging experiments were tested in the
voltage range of 2.0-4.3 V by using a land battery analyzer
(Wuhan Kingnuo Electronic Co., China). Cyclic voltammetric
measurements were carried out on a CHI 600a electrochemical
workstation (ChenHua Instruments Co., China) at a scan rate of
0.1 mV s~ . Electrochemical impedance spectra (EIS) measure-
ments with frequency ranging from 10 mHz to 100 kHz are
conducted on both bare-NVPF and C-NVPF electrodes using the
AutoLab PGSTAT 128N (Eco Chemie, Netherlands). Before the
EIS test, the electrodes were cycled for 1 cycle and then followed
by a 4 h relaxation.

3. Results

Fig. 1 vividly shows the schematic diagram of the carbon
coating NVPF composition by a ball-milling method. For
comparison, the carbon-free Na;V,(PO,),F; particles (denoted
as bare-NVPF) were synthesized via a similar method without
the introduction of carbon. Detailed synthetic procedures are
described in Experimental section.

Na;V,(PO,),F;
O, OH
1
& HO OH
o° OH
> citric acid

precursor

Fig. 1 Synthesis schematic of C-NVPF composite.

13704 | RSC Adv, 2024, 14, 13703-13710

© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper

(@)

Intensity (a.u.)

_JL.IJ A

T T

10 20 30 40 50 60 70 80
2-Theta (degree)

(b)

Intensity (a.u.)

RSC Advances

——C-NVPF
bare-NVPF

0 50 60 70 80

2-Theta (degree)

Fig. 2 (a) XRD pattern of VOPO,4-2H,0; (b) XRD patterns of bare-NVPF and C-NVPF.

Fig. 3 (a and b) SEM of bare-NVPF; (c and d) SEM of C-NVPF; (e) typical SEM image of C-NVPF and the corresponding elemental mapping of
sodium (cyan), vanadium (purple), phosphorus (rose red), oxygen (green), and fluorine (yellow).
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Fig. 4
desorption curves for bare-NVPF and C-NVPF.

VOPO,-2H,0 was used as a reaction raw material, and we
first characterized its structure by XRD. According to the XRD
pattern in Fig. 2(a), it can be seen that the material corresponds
exactly to the peaks of VOPO,-2H,0, belonging to the tetragonal
crystal system, the space group is P4/n,** and the specific crystal
structure is shown in left image in Fig. 1, which has a layered
structure.

Fig. 2(b) shows the XRD patterns of the bare-NVPF and C-
NVPF. As can be seen from Fig. 2(b), all diffraction peaks of
the two materials correspond to the P4,/mnm space group,
which are belonged to the tetragonal crystal system, and both
the position and the strength of the peaks are very consistent
with the results simulated according to the NazV,(PO,),F;
framework structure.’® In addition, the peaks are sharp, indi-
cating that both of the materials have good crystallinity and no
other obvious impurity phases. To further illustrate the specific
structure of NVPF, left image in Fig. 1 shows a schematic
diagram of the crystal structure of NVPF. As shown in this
figure, NVPF has a three-dimensional framework consisting of
PO, tetrahedron and V,OgF; bioctahedron, all oxygen atoms in
V,0gF; bioctahedral are connected to each other by PO,, and
the two VO,F, octahedra are connected by fluorine atoms to
make the V,0gF; bioctahedron. Sodium ions exist at two
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(a) Electron energy spectrum of C (1s) for C-NVPF; (b) electron energy spectrum of V (2p); (c) Raman spectra; (d) N, adsorption and

different storage sites (Nal and Na2) and can transport along
the a and b plane.*

Fig. 3(a-d) presents the morphology of the as-synthesized
bare-NVPF and C-NVPF powders by SEM images. Both bare-
NVPF and C-NVPF exhibit similar morphology, corresponding
to particles with a diameter of about 100 nm, indicating that
this simple high-energy ball milling method can effectively
reduce the particle size of the material. The EDX mapping
distribution of various elements is shown in Fig. 3(e), which
shows that the various elements (Na, V, P, O, F) present in NVPF
are very evenly distributed.

Then, the composition of materials is further explored
through XPS. The structural characteristics of the coated carbon
can be analyzed by C (1s) photoelectron spectroscopy experi-
ments, which are shown in Fig. 4(a). Peaks with binding ener-
gies of 284.8 eV, 285.7 eV, 287.1 eV and 289.2 eV are
corresponding to C-C, C-O, C=0 and O-C=O0O functional
groups, respectively, and the presence of these functional
groups indicates the successful carbon coating on the surface.?*
Fig. 4(b) shows the electron spectrum of V 2p for two different
materials, in which the peaks with combined energies of
516.9 eV and 524.1 eV corresponding to the spin photoelectron
energy of V 2p;, and V 2p,j,, respectively, and it can be
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confirmed that the valence state of V is +3,*® indicating that the
structure of the two materials is consistent except for the carbon
coating.

Raman spectroscopy is also used to characterize the surface
properties of the materials. As shown in Fig. 4(c), for C-NVPF,
two typical peaks appear in the Raman spectra at 1350 cm ™"
and 1595 cm™ ', corresponding to D peaks (disordered carbon,
sp® coordination) and G peaks (graphitized carbon, sp> coor-
dination), respectively,* and the ratio (Ip/Ig) of these two peak

RSC Advances

intensities is commonly used to assess the disorder degree of
the carbon structure. However, for bare-NVPF, the intensity of D
and G peaks are noticeably weaker in intensity, but more
characteristic peaks of PO,>~ appeared at a displacement of
about 700 cm ™', indicating that the carbon content in this
material is less. On the contrary, there are no obvious charac-
teristic peaks of PO, in the C-NVPF, indicating that the
carbon-coating layer is relatively dense. In addition to, the
carbon content of bare-NVPF and C-NVPF tested by elemental
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Fig. 5 (a) CV curves at a scan rate of 0.1 mV s, (b) typical charge—discharge curves, (c) rate properties, (d) cycling property at a 1C rate in

a voltage range of 2.0-4.3V, (e) cycling property at a 5C rate in a voltage range of 2.0-4.3 V of the bare-NVPF and C-NVPF electrodes.
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analysis is 0.21% and 5.53% respectively, which are consistent
with the Raman spectroscopy results described above.

The specific surface area of both materials is tested by the
Brunauer-Emmett-Teller (BET) method and the results are
shown in Fig. 4(d). It can be seen that the C-NVPF material has
a small hysteresis ring in the range of 0.5-1.0, but the bare-
NVPF material does not have this, which indicates that the C-
NVPF material has a small amount of mesoporous structure.*
Moreover, both materials exhibit similar adsorption and
desorption curves, but the specific surface area values differ
greatly. Specifically, the specific surface areas of bare-NVPF and
C-NVPF are 25.0 m”> g~ " and 45.4 m”> g, respectively. It should
be noted that the larger specific surface area is conducive to the
penetration of the electrolyte into the material and increases the
contact area between the material and the electrolyte, thereby
shortening the diffusion path of sodium ions and improving the
electrochemical performance.

Fig. 5(a) displays the typical cyclic voltammograms (CV) of
the bare-NVPF and C-NVPF electrodes at a scanning rate of
0.1 mV s ' in the potential region of 2.5-4.3 V (vs. Na/Na").
Three pairs of symmetrical redox peaks were exhibited in the CV
curves of both materials, located at 3.43/3.33 V, 3.76/3.60 V and
4.23/4.14 V, where the first two pairs of peaks correspond to
a two-step intercalating/deintercalating reaction of Na* at the
Na (2) position, while the latter pair is attributed to the
intercalating/deintercalating reaction of Na' from the Na (1)
position, and the result is consistent with the previous reports.
In summary, the electrochemical reaction of NVPF during
charging and discharging can be expressed by the following
equation:**%”

Na3V2(PO4)2F3 - Na3_XV2(PO4)2F3 + xNa+ + xe~ (1)
Na3,XV2(PO4)2F3 Ad N3.2V2(PO4)2F3 + (1—x)Na+ + (l—x)67 (2)

N32V2(PO4)2F3 < NaV2(PO4)2F3 + Na+ +e (3)

The Na' storage performance of both materials is tested by
constant current charge/discharge curve at a current density of
0.1C, and all experimental data were calculated based on the
overall mass of the materials. As shown in Fig. 5(b), the charge-
discharge curves of both materials exhibit three voltage plates
that closely match to the peak positions in the CV curve. The
reversible discharge capacity of the carbon-coated NVPF elec-
trode is about 110.6 mA h g~ ', which is very close to the theo-
retical capacity (128 mA h g ') corresponding to the NVPF when
two Na“ decoupling embeddings occur, indicating that the
material makes full use of Na* during the charging and dis-
charging process. In sharp contrast to the C-NVPF material, the
reversible discharge capacity of the bare-NVPF is only
103.59 mA h g, which is due to the construction of the carbon-
coated layer on the surface improved the electrochemical
reversibility of the material and the utilization rate of the
material.

Fig. 5(c) compares the rate property of the bare-NVPF and C-
NVPF electrodes at various charge-discharge current densities.
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As shown in this figure, for bare-NVPF, the discharge capacity
decreases rapidly as the current density increases, and when the
current density increases to 20C, the capacity decays to almost
zero. The C-NVPF has a discharge capacity of 110.5, 109.6, 108.5,
104.6,100.8, 87.7, 69.5 and 48.2 mA h g~ " at current densities of
0.1C, 0.2C, 0.5C, 1C, 2C, 5C, 10C and 20C (1C corresponds to the
current density of 128 mA h g™ '), respectively. Moreover, the
electrode can still exhibit a discharge capacity of 35.1 mAh g~*
at current density up to 30 C, exhibiting a better magnification
performance. Fig. 5(d) shows the cycling performance of the
bare-NVPF and C-NVPF electrodes at 1C. It can be seen that the
C-NVPF has a higher reversible capacity and better cycling
stability, and the capacity retention is 78% after 500 cycles,
while the capacity retention of the bare-NVPF electrode is only
59%. Fig. 5(e) shows the cycling performance of the C-NVPF
electrode at 5C, and the capacity retention rate of the elec-
trode is 54% after 2000 cycles. The C-NVPF electrode shows
better electrochemical performance because the C-NVPF elec-
trode can not only improve the electronic conductivity of the
material, but also possible to suppress the surface reactions
between the cathode material and the electrolyte to some
extent.

To better analyze the effect of the carbon coating on the
electrochemical properties of the materials, the electrochemical
impedance of the two materials in the first week of discharge
are tested, as shown in Fig. 6. The semicircle in the high- to
medium-frequency region of the EIS spectrum for both mate-
rials refers to the charge transfer resistance at the interface
between the electrolyte and electrode, corresponding to the
diffusion of sodium ions. The data after fitting according to the
equivalent circuit is shown in Table 1, and the C-NVPF has
a smaller charge transfer resistance, indicating that the carbon
coating can not only improve the conductivity but also the
charge transfer reaction of the composite electrode.

® C-NVPF
® bare-NVPF

600 900 1200

7' (Q)

0 300

1500

Fig. 6 EIS of the bare-NVPF and C-NVPF electrodes after the first
cycle at 0.2C.

Table 1 Charge transfer resistance and sodium ion diffusion coeffi-
cient of bare-NVPF and C-NVPF electrodes

Electrodes R (Q)
Bare-NVPF 979.5
C-NVPF 588.9

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Discussion

In summary, we have reported a facile ball-milling method to
synthesize carbon coated NazV,(PO,),F; with greatly improved
electrochemical performances. Due to the role of the carbon-
coating layer, the electronic conductivity of the material is
improved, thereby improving the electrochemical properties of
the material to a certain extent. It has a reversible capacity of
110.6 mA h g~ " at 0.1C, and still has a reversible capacity of
35.1 mA h g at a rate of 30C. Besides, the capacity retention
after 500 cycles at 1C is 78%, and the capacity retention after
2000 cycles at 5C is 54%. The improved electrochemical prop-
erties of the C-NVPF originate from its highly conductive and
carbon layer, which not only suppress the aggregation of NVPF
nanoparticles but also accommodate the structural stress of the
material during charging and discharging. Therefore, the ball-
milling method combined with the carbon reported in this
work may provide a facile and effective approach to enhance the
applicability and the electrochemical performance of Na-
storable materials for large-scale Na-ion batteries.
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