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Abstract

NasV,(PO,); (NVP) cathode material of the sodium ion battery (1 C=117 mAh g*) has a NASICON-type structure, which not only
facilitates the rapid migration of sodium ions, but also has a small volume deformation during sodium ion de-intercalation and the
main frame mechanism remains unchanged, and thus is seen as an energy storage material for a wide range of applications, but has a
limited electronic conductivity due to its structure. In this paper, NVP cathode materials with finer primary particles are successfully
prepared using a simple hydrothermal treatment-assisted sol-gel method. The increased pore size of the NVP materials prepared
under the hydrothermal process allows for more active sites and more effective resistance to the volume deformation of sodium ions
during insertion/extraction processes, effectively facilitating the diffusion of ions and electrons. The NasV,(PO,4); material obtained
by the optimized process exhibited good crystallinity in XRD characterization, as well as superior electrochemical properties in a
series of electrochemical tests. A specific capacitance of 106.3 mAh g at 0.2 C is demonstrated, compared to 96.5 mAh g for
NazV2(POy4); without hydrothermal treatment, and cycling performance is also improved with 93% capacity retention. The calculated
sodium ion diffusion coefficient (D, = 5.68 % 10™*) obtained after EIS curve fitting of the improved sample illustrates that the pore
structure is beneficial to the performance of the NasV,(PO,); cathode material.
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specific capacity, high volumetric capacity, and long
cycle life ®4, resulting in a sharp increase in the demand
for lithium. However, the continued large-scale
development of limited lithium resources will inevitably
lead to a significant rise in lithium material prices. It will
certainly make the price of lithium materials rise
significantly. In contrast, sodium has abundant reserves,
low cost, and similar electrochemical properties to
lithium as belong to the same main group. Sodium-ion

1 Introduction

The global economy exists based on the extensive
use of fossil energy, the consumption of large amounts of
non-renewable resources, and simultaneously brings
significant environmental problems. Considering this, the
most pressing strategy for mitigating the energy and
environmental crisis is to proactively foster the

development of new sources of energy. Addressing the
issue of effective energy conversion and storage across
various forms of energy has become a shared
preoccupation 2. As the market for large-scale energy
storage and small-scale household devices continues to
expand, there is an increasingly stringent demand for
materials that possess ample reserves, favorable prices,
and superior safety performance.

Currently, lithium-ion batteries have been further
developed and become popular green secondary batteries
due to advantages of high energy storage density, high

batteries have numerous potential advantages due to the
widespread distribution of resources and slightly higher
voltage, which are suitable for large-scale energy
storage  ®®.  Therefore, high-energy,  green,
environmentally friendly, and inexpensive materials for
sodium-ion batteries can effectively solve problems such
as lithium resource shortages and high prices. This
research has important practical significance for the
sustainable development of human society.

In the sodium-ion cathode material system,
phosphate-based = materials  with  open-framework
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structures and thermal stability have garnered
considerable attention . In this case, the
NASICON-type structure of NazV,(PO,)s has separate
VOg octahedral and PO, tetrahedral units connected by
oxygen atoms at the corners to form [V,(PO,)s]*, each
[V2(POy)s] unit being connected by PO, The two
different Na atoms are in the gaps and channels of the
framework in different oxygen environments. The first
station is the Na (1) site in the VOg octahedral vacancy in
a six-coordinate environment, and the second station is
the Na (2) site in the PO, tetrahedral vacancy in an
eight-coordinate environment, with six structural units in
each NVP cell, with one Na (1) site and three Na (2) sites
present in each unit . NagV,(PO,); with a stable
three-dimensional structure can enhance the reaction
kinetics of sodium ions with large radii and weights
during electrochemical migration and is suitable for the
rapid diffusion of sodium ions, which more slight
volume distortion during intercalation/deintercalation
process of sodium ion. Additionally, NVP exhibits a
higher storage voltage, with the charge-discharge
platform situated at approximately 3.4 V. However,
compared to metal oxide cathode materials, NVP displays
relatively lower electrical conductivity, which has impeded
its progress. Further various modifications are currently
carried out by optimizing the synthesis process through
controlled morphology %4, multiphase synthesis ™34,
and ion doping ™™ to improve the electrochemical
properties of NVP 7]

The present study synthesizes NasV,(PO,); cathode
material using a hydrothermal-assisted sol-gel method.
The hydrothermal assistance aims to refine the grain size,
control the morphology, and achieve continuous carbon
coating, which positively influence the electrochemical
performance of NasV,(PO,); electrode material.
Structure verification, morphology, and electrochemical
performance of NasV,(PO,); are characterized through a
series of tests. The hydrothermally treated NazV,(PO,)s
electrode material exhibits superior electrochemical
performance in terms of specific capacity, rate capability,
and cycling performance. The relatively lager surface
porosity of H-NVP particles is conducive to fully contact
the electrolyte and cathode materials, shortens the
diffusion path of sodium ions, and assists the rapid
transfer of sodium ions. The primary particles are finer,
which helps to alleviate the volume deformation caused
by the charging and discharging process and ensures the
integrity of the main structure.

2 Experimental Section
2.1. Materials synthesis

Raw materials used NaOH, NH,VVO3;, NH;H,PQ,, as
well as ascorbic acid as a reducing agent and carbon
source. NH;H,PO, was dissolved in NaOH solution to
obtain solution A, while NH,VO; was dissolved in
ascorbic acid solution to obtain solution B. Solution A
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was slowly added dropwise into solution B, followed by
thorough mixing. The mixture was then transferred to a
40 ml stainless steel autoclave and heated at 190<C for
36 hours. After cooling to room temperature, a brown
solution was obtained. The solution was further heated
and stirred at 75<C in an air atmosphere until gel
formation occurred. The gel was then dried at 60<C under air
ambient conditions for 12 hours, and subsequently ground
into powder. Finally, the powder was segmented and calcined
in a nitrogen atmosphere (4 hours at 350<C and 8 hours at
800<C) to obtain the final product, grinding after cooling to
room temperature (named H-NVP). A comparative
experiment was conducted using the same experimental
parameters to synthesize NasV,(POy)s electrode material only
via sol-gel (referred to as the G-NVP).

2.2. Material Characterizations and Electrochemical
measurements

The crystallographic  structures surface and
morphology of the electrode materials were analyzed
using X-ray diffraction (XRD, Rigaku, Japan) with Cu
Ka radiation in the range of 10° to 60°, and scanning
electron microscopy (SEM, ZEISS, SUPRA-55). The
electrode consisted of three components: NVP (cathode
material, 80 wt%), acetylene black (conductive agent, 10
wt%), and polytetrafluoroethylene (PVDF) (binder, 10
wt%). The NasV,(PO,); electrode was assembled into a
CR2032 coin type cell, with the electrolyte composed of
ethylene carbonate (EC), dimethyl carbonate (DEC), and
fluoroethylene carbonate (FEC) in 1 M NaClO4, which
the volume ratio of EC to DEC is 1 to 1, and FEC is 5
wt%. A glass fiber membrane (Whatman, GF/D) as the
separator, and sodium foil as the anode electrode.
Charge/discharge performance, cyclic voltammetry (CV)
testing (2.5-3.8 V), and electrochemical impedance
spectroscopy (EIS) measurements (10 * and 10° Hz) all
at room temperature (25<C), using the Land2001A
system, a CHIG60E electrochemical workstation, and
Solartron Analytical 1260A/1287A, respectively.

3. Results and Discussion

The crystal structure of the prepared electrode is
detected by XRD, Figure 1a presents a comparative XRD
analysis of G-NVP and H-NVP samples, showing their
consistency with the JCPDS card (#00-62-0345). The
diffraction peaks of the materials are relatively sharp,
and the bottom of the diffraction pattern is flat, indicating
that the crystallinity of the synthesized NVP is great.
Both samples exhibit a R3c space group, belonging to
the hexagonal crystal system. No impurity phases or
carbon diffraction peaks are observed in the figure,
indicating the presence of amorphous carbon and
successful synthesis of pure-phase NazV,(PO,); cathode
material. H-NVP displays higher diffraction peak
intensities than the G-NVP, exhibiting better crystallinity.

The SEM images of H-NVP and G-NVP show that
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the morphologies of the two samples differ significantly
(in Figure 1). As can be noticed from Figure 1b, H-NVP
is a secondary particle formed by the agglomeration of
primary particles with a size of 150 nm-250 nm.
According to Figure 1c, the surface of G-NVP is
relatively smooth, displaying irregular shapes, with
individual small particles attached, and the size of the
primary particles is around 3 um. The primary particles
of the hydrothermally treated H-NVP are obviously
refined, and although agglomeration is present, the
suitable number of gaps existing between the particles
facilitated the transport of sodium ions. More
information about morphology of the H-NVP material is
obtained by TEM. It can be seen clearly from Figure 1d,
H-NVP is coated with carbon and no lattice streaks
associated with the surface carbon layer were observed,
which proved that carbon exists in an amorphous state.
The clear spacing distance with 0.289 nm correspond
to the (116) plane of H-NVP in Figure 1le, indicating the
successful synthesis of the H-NVP material.
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Figure 1  Structural and morphological characterization
(@) XRD results for H-NVP and G-NVP; (b) SEM of
H-NVP; (c) SEM of G-NVP; (d and e) TEM and
HRTEM images of H-NVP.

The electrochemical properties of NasV,(PO,4)s/C
cathode material are further characterized (Figure 2).
Figure 2a shows the first charge-discharge curves of the
two samples at a rate of 0.2 C and in a voltage range of
2.5-3.8 V. In fact, the NasV,(PQO,)s/C electrode exists two
redox potentials at 3.4 V and 1.6 V, characterized by
valence changes corresponding to V**/V** and V**/V**,
with relative theoretical capacities of 117 mAh/g and 236
mAh/g, respectively. However, due to the instability of
V2 in NasVo(POy)s, the V' of NagV,(PO,)s is more
favorable for the preparation of synthesis. To prevent the
formation of V** during charging and discharging, the
charging and discharging voltages are usually limited to
control the electrochemical reactions, resulting in a
reversible conversion of vanadium [18]. The working
plateau at 3.4 V corresponds to the transition between
NazV,(PO,);  and NaV,(POy);  phases. The
charge-discharge plateaus of the G-NVP (3.4242/3.3367
V) are widely separated (potential difference AV=87.5
mV), indicating severe polarization, while those of the
H-NVP (3.3984/3.3473 V, AV=51.1 mV) are flatter and
more prolonged, indicating good reversibility of the
material. The initial discharge specific capacities of
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G-NVP and H-NVP are 96.5 mAh g™ and 106.3 mAh g,
respectively. The reduced polarization and stable operating
voltage plateau during the electrochemical process allows
H-NVP to have a higher specific capacitance.

The cycling performance of G-NVP and H-NVP is
shown in Figure 2b. Both samples are cycled between
2.5 and 3.8 V at a rate of 0.2 C, the H-NVP provided a
discharge specific capacity of 98.86 mAh g™ after 500
cycles, which a loss of only 7% compared to the initial
discharge capacity. In contrast, the specific capacity of
G-NVP decreases by 20% under the same conditions.
The H-NVP undergoing hydrothermal treatment exhibits
better capacity retention and cycling stability, which is
shown that this means can improve the electrochemical
performance of NazV,(PO,)s/C cathode material, and the
enhancement of cycling stability is related to the
effective alleviation of the volume effect of the electrode
material during charging and discharging, keeping the
structure stable ™!,

Likewise, the rate properties of all samples are
examined in half-cells to determine capacity retention in
response to changes in current density. The rate
capabilities of H-NVP and G-NVP are shown under
different current densities of 0.2, 0.5, 1, 2, 5, 10, and 20
C in Figure 2c. Obviously, the discharge capacity
decreases with increasing current density. In the voltage
range of 2.5-3.8 V, H-NVP shows better rate capability
and has a smaller capacity difference between 0.2 C and
20 C. The discharge capacities of H-NVP at 0.2, 0.5, 1, 2,
5, 10, and 20 C are 105.8, 101.6, 95.9, 94.5, 85.3, 79.9
and 76.2 mAh g™ respectively. It is of interest that the
difference specific capacities of H-NVP and G-NVP are
more stable at small current densities (0.2, 0.5 ,1, 2 C).
As the current density intensifies, the difference is larger
at higher current densities (5, 10, 20 C). The G-NVP
capacity decays more significantly at 20 C to 62.3 mAh
g, and when the current density returned to 0.2 C, the
H-NVP capacity remains at approximately 104.3 mAh
g*, maintaining 98.6 % of the initial capacity. Even
under high rates of 20 C, the discharge specific capacity
still exceeds 75 mAh g™, mainly due to more pores, which
allows for more complete contact between the cathode
material and electrolyte, increases the active sites of the
reaction process, provide more sodium ion migration
channels, and facilitates the diffusion of sodium ions.
More sodium ion migration channels are provided, so that
H-NVP can maintain a high specific capacitance even in
the process of high-rate rapid charge and discharge.
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Figure 2 Electrochemical testing for H-NVP and
G-NVP (a) The first charge and discharge curve at 0.2 C;
(b) Cycle at 0.2 C (c) Rate at 0.2,0.5, 1, 2,5, 10, and 20 C
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To better investigate the electrode reaction kinetics,
cyclic voltammetry (CV) is used to analyze the NVP
electrode material. The cyclic voltammetry curves of
G-NVP and H-NVP at a scan rate of 0.1 mV/s, which
corresponds to the first charge/discharge plateau (3.4 V)
in Figure 3a. The peaks at 3.448 V and 3.289 V (vs.
Na’/Na) of H-NVP represent the Na® insertion
(oxidation)/extraction (reduction) processes, which are
attributed to the oxidation-reduction of V**/V*" in
NazV,(PO,)s/C, resulting in the transformation between
NazV,(PO,); and NaV,(PO,); phases, as shown in
reaction equation (1) °. H-NVP exhibits high current
intensity, sharp peaks, and symmetrical peak areas,
demonstrating an improved diffusion rate of Na® of
H-NVP 1 The potential difference (AV) of the
oxidation-reduction peaks is inversely proportional to the
degree of reversible phase transition during the
electrochemical reaction of the cathode material. A larger
value of AV indicates more severe polarization of the
material. Compared to G-NVP (AV=0.24 V), H-NVP has
a potential difference of approximately 0.159 V, likewise
making known a lower polarization effect.

Na,V? (POs)s < NaV, (PO.)s +2Na* +2¢” (1)

The stability of the electrochemical properties of
H-NVP is further explored by CV, before charging and
discharging the H-NVP sample for the first 3 cycles as
shown in Figure 3b. The oxidation/reduction peak
positions of H-NVP remained almost unchanged during
the three cycles, indicating the high stability and
reversibility of Na* in the de intercalate process %%
Observation of the CV curves reveals that the current
intensity of the second loop is slightly lower than that of
the first loop, which may be caused by a small amount of
irreversible phase change !, and the subsequent third
loop curves almost completely overlap in both peak
position and peak intensity, and the results imply the
good structural stability and reversibility of the reaction
of the material, which is consistent with the above
electrochemical test results

To further study the electrochemical process of NVP
cathode material, electrochemical impedance
spectroscopy (EIS) is performed prior to charging and
discharging in the frequency range of 10 Hz to 10° Hz.
Figure 3c shows the Nyquist plots and fitted equivalent
circuits for both sets of samples. The EIS plots consist of
two parts: the high-frequency range semicircle attributed
to charge transfer resistance (R) *, and the sloping line
in the low-frequency region corresponding to Warburg
impedance (Z,), related to the diffusion of Na*. In the
high frequency range, the Z-axis intercept corresponds to
the complex resistance (R.) of the electrolyte and
electrode, which is approximately 7 Q for all electrodes.
the CPE is related to the surface properties %%, By
fitting, the charge transfer resistances of H-NVP and
G-NVP are determined to be 294.94 Q and 477.75 Q,
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respectively. This is attributable to the smooth particle
surface and oversized of G-NVP particles, hindering
sufficient contact between the electrolyte and the cathode
material, which is not conducive to the transfer of
electrons and decreases the conductivity. It is suggested
that the addition of the hydrothermal processing step
leads to an increase in the electronic conductivity. The
diffusion coefficient (Dy,) of sodium ions can be
estimated from the low frequency region using the
following equation (2) ™

0.5R’T 2 @)
SZnAF4C 262

R is the gas constant, T is the absolute temperature,

S is the effective surface area of the cathode, n is the
number of electrons per substance reacted in the
oxidation process, F is the Faraday constant, C is the
concentration of Na ions (related to the chemical
composition of the given active substance, about 6.92 %
10° mol cm®), and o is the Warburg factor associated
with Z":

DNa=

Z'=Re + Rct + c0-1/2 3)
Figure 3d shows the linear fit of Z' and ®, whose
slope can be used to calculate the diffusion coefficient of
sodium ions. According to Eq. (3), o is obtained as 36.73,
106.02 for the H-NVP and G-NVP samples, respectively,
and the corresponding Dy, is calculated to be equal to
5.68 <104 6.67 x 10", respectively, when substituted
into Eq. (2). H-NVP exhibits a larger sodium ion
diffusion coefficient, which is due to the pore structure
between the refined grains that facilitates the of sodium
ions and shortens the diffusion distance of sodium ions.
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Figure 3 Electrochemical performances for H-NVP
and G-NVP (a) CV curves; (b) three CV curves without
charging and discharging for H-NVP; (c) EIS Spectrum;

(d) Plot of Z' vs o™,

4. Conclusion

In this study, the synthesis process of
NazV,(PO,)s/C is optimized. With the addition of a
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hydrothermal treatment process, more refined primary
particles are obtained, and the presence of significant
pores in the secondary particles facilitated the electron
and ion transport between the active particles. A series of
electrochemical tests verified the improved performance
of the H-NVP cathode material. The presence of pores
allowed a more adequate contact between the cathode
material and the electrolyte, and the active sites of the
material increased, allowing a capacity of 75 mAh g™ to
be achieved even at high magnification (20 C). CV
curves of H-NVP (AV=0.159 V) compared to G-NVP
with AV=0.24 V, and three curves CV of H-NVP (under
uncharged and discharged tests) are highly overlapping,
indicating that H-NVP possesses better reversibility and
the transfer of electrons and ions between active particles
is greatly improved.
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