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Na3V,(PO4)3 (NVP) is regarded as alternative cathode material for sodium-ion batteries (SIBs) due to its
potential high-rate performance and pronounced long-term cycle stability. However, electronic conductiv-
ity and tap density are difficult to be balanced. Herein, we report that high-temperature shock (HTS) can
prepare “single crystalline like” NVP which combines high-rate capability with high tap density together
into one with the assistance of carbon framework and large particle. Thus, high reversible capacity of 110
mAh/g at 0.1 C with 89.9% capacity retention after 1600 cycles at 1 C and specific capacity of 83.5 mAh/g
at 50 C rate has been exhibited. This study provides a novel strategy to guide the production of high tap
density, and rate performance polyanionic cathode materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have been widely used in energy
storage. However, the shortage of lithium supply leads to increas-
ing price for LIBs [1,2]. Sodium-ion batteries (SIBs), owing to
the abundant resources and widespread geological distribution of
sodium, are regarded as LIBs substitutes especially in low-speed
electric vehicles and large-scale energy storage systems [3-5].
Na3V,(PO4); (NVP), with a fast Na*t-transportable NASICON frame-
work, has attracted ubiquitous attention as the alternative cathode
material due to potential rate performance and pronounced long-
term cycle stability [6]. While, the inherent low electronic conduc-
tivity limits the electrochemical performances particularly in high-
rate capability [7,8].

To enhance the rate capability, carbon-coating technique has
been applied to improve the electric conductivity. However, car-
bon limits the particle growth of NVP, which usually results in the
small size of NVP and low tap density [9-11]. Single crystal de-
sign can improve the tap density, reduce the specific surface area
of cathode, and reduce the side reactions between cathode and
electrolyte [12], and thus widely explored in SIBs [13]. Unfortu-
nately, the inhibitory effect of the carbon layer on single crystal
growth makes the direct preparation of large-sized single crystals
in combination with carbon a significant challenge [14]. Based on
the above points, it is necessary to develop a simple but effective
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method that ensures both the formation of a well-established car-
bon framework and the growth of single crystals, aiming to obtain
sodium-ion cathode materials with both high tap density and high
electrochemical performance for industrial applications.

Herein, we propose a single crystalline-like strategy prepar-
ing NVP with carbon framework achieved by high-temperature
shock (HTS) within ~15s (Scheme 1). Namely, through a simple
solid-state one-pot reaction, the single-crystalline-like NVP mate-
rials with a carbon framework and with a size larger than 50 pm
were synthesized, which was similar to the size of reported sin-
gle crystalline NVP prepared by the tube furnace (TF) [14]. It has
come to our attention that in previous studies, polymer stabilized
droplet templating method was employed for the preparation of
single crystalline NVP [14,15], which is characterized by its time-
consuming nature and complicated procedures. As a comparison,
HTS could efficient prepare single crystalline like NVP materials in
an extremely short time. Moreover, HTS has remained the mor-
phology of NVP precursor and the structure of carbon. Further-
more, a novel carbon framework has been created which results in
low charge-transfer resistance and excellent dynamic performance.
Specifically, the single-carystal-like NVP with carbon framework
could deliver 83.5 mAh/g at 50 C. Moreover, it has impressive long-
term cycle stability (89.9% after 1600 cycles at 1 C) in half-cell. In
addition, the single-carystal-like NVP with carbon framework ex-
hibits high electrochemical performance in full-cell test. This work
presents an innovative strategy for the ultrafast preparation of high
tap density, high-performance, single-crystalline-like NVP, as well
as high-energy-density polyanion cathode materials for SIBs.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Schematic illustration for the synthesis of NVP with HTS or TF.
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Fig. 1. The XRD Rietveld refinements of (a) HTS-850-15s and (b) TF-850-6h. (c)
Raman spectrum of HTS-850-0s, HTS-850-15s, TF-850-0s, and TF-850-6h. (d) Ip/Ig
of samples synthesized at different conditions.

The synthesis process of NVP with carbon framework is shown
in Scheme 1. Briefly, V,05, NaH,PO,4, oxalic acid and citric acid
were mixed through ball-milling method (experimental details are
exhibited in Supporting information). And then the mixture was
placed on the HTS equipment (Fig. S1 in Supporting information)
for a high-temperature shock with heat retention and for 0s and
15s in an argon atmosphere at 850°C to obtain sample HTS-850-
0Os and HTS-850-15s, respectively. For comparison, the mixtures
were also placed in a tube furnace and calcined at 800°C under
argon atmosphere for 0s, 6h to prepare TF-850-0s and TF-850-
6h. Fig. 1 depicts the XRD patterns and Raman spectroscopy of
as-prepared NVP products, respectively. As shown in Figs. 1a and
b and Fig. S2 (Supporting information), all XRD patterns are in-
dexed to highly crystalline rhombohedra phase (R3 ¢ space group),
and no impurities are detected, indicating the successful prepara-
tion of NVP materials. Tables S1-S4 (Supporting information) show
the refined cell parameters of the prepared four NVP samples.
And it is evident that there is a minimal difference in lattice pa-
rameters between materials prepared by HTS and those prepared
by the tube furnace calcination, agreeing with previous reports
[16,17]. Meanwhile, Raman spectra was performed to investigate
the surface features of four products (Fig. 1c). Two types of car-
bon bands centered at 1346 and 1593 cm™! are attributed to the
D (disorder carbon, sp3-coordinated behavior) and G (crystalline
graphitized carbon, sp2-coordinated behavior) bands of carbon, re-
spectively. The peak intensity ratios of D to G band of HTS-850-
0s, HTS-850-15s, TF-850-0s and TF-850-6h was calculated, with
a value of 0.96, 1.32, 1.35, and 1.42, respectively. Obviously, HTS-
850-0s presents lowest value of Ip/Ig, indicating the carbon with
sp2-coordinated behavior is predominant. This may be due to the
short reaction time and the temperature for HTS-850-0s is un-
favorable for carbonization, leading to the abundant presence of
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Fig. 2. SEM images of (a) HTS-850-0s, (b) HTS-850-15s, (c) TF-850-0s, (d) TF-850-
6h. (e, f) TEM images of HTS-850-15s.

the sp? carbon, such as carbon-carbon double bonds, possibly due
to the catalytic reaction of carbon precursors by vanadium ele-
ment in NVP under inert atmosphere and high-temperature con-
ditions [18,19]. To demonstrate this reaction process, NVP synthe-
sized with TF at different temperatures and TF samples for carbon
sources were supplemented, and their Raman spectra were ana-
lyzed (Fig. 1d). As the temperature and holding time increase, the
value of Ip/I shows an upward trend, which may be attributed to
the transformation of sp? carbon to sp? carbon with the increasing
degree of aromatization and polycondensation [18]. In addition, de-
termined from infrared carbon & sulfur analyzers, the carbon con-
tents of HTS-850-0s, HTS-850-15s, TF-850-0s and TF-850-6h are
4.99, 6.14, 7.52, 6.26 wt%, respectively.

The morphology and size of HTS-850-0s, HTS-850-15s, TF-850-
0s, and TF-850-6h were characterized by scanning electron mi-
croscope (SEM), respectively. As shown in Figs. 2a-d, HTS-850-0s,
HTS-850-15s, and TF-850-0s exhibit the similar size with NVP pre-
cursor (Fig. S3 in Supporting information), all larger than 50 pm,
while TF-850-6h shows smaller size. Additionally, HTS-850-0s and
HTS-850-15s show smooth and flat particle surface as well as NVP
precursor, which like the morphology of single crystal [20-22],
while TF-850-0s and TF-850-6h exhibit rough surface. This may
be due to the ultrafast heating rate and short sintering time which
result in the incomplete decomposition of carbon coating in HTS-
850-0s and HTS-850-15s [18]. Whereas, complete decomposition
of carbon coating, and neck growth at low temperatures without
densification in sintering leads to the morphology which shown as
TF-850-0s and TF-850-6h (Figs. 2c and d) [23]. The high-resolution
transmission electron microscope (HRTEM) image (Fig. 2e and Fig.
S4a) reveals a ca. 3-5nm carbon layer on HTS-850-15s and 8-
10nm carbon layer on TF-850-6h, which could protect NVP from
electrolyte erosion and enhance dynamic performance. Moreover,
carbon tends to form carbon framework in HTS-850-15s (Fig. 2f)
while agglomerating on the surface of NVP particle in TF-850-6h
(Fig. S4b). Additionally, as shown in Figs. 2e and f, secondary par-
ticles are aggregated by primary particles linked through carbon
framework in HTS-850-15s. This is distinct from TF-850-6h mate-
rials, which are solely coated with carbon. The variation in thick-
ness and morphology of carbon species may be attributed to the
different heating and holding conditions during the production of
HTS-850-15s and TF-850-6h samples.

Fig. 3 exhibits the electrochemical performances of half-cells
for all samples. Fig. 3a exhibits the galvanostatic charge-discharge
curves at 0.1 C (1 C=117mA/g). All electrodes display a voltage
plateau around 3.4V which corresponds to the redox of V3+/V4+,
Meanwhile, the four materials exhibit similar initial reversible ca-
pacity. Specifically, 110.6 mAh/g (HTS-850-0s), 110.0 mAh/g (HTS-
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Fig. 3. Electrochemical performance of HTS-850-0s, HTS-850-15s, TF-850-0s, and TF-850-6h. (a) Charge-discharge profiles at a current rate of 0.1 C. (b) Rate performances
from 0.1 C to 50 C at voltage window of 2.3-4V. (c) Comparison of rate performance of HTS-850-15s to the recent results in the literature for NVP. (d) Electrochemical
impedance spectra. (e) Comparation of Na* diffusion coefficient calculated by GITT at charge process. (f) Comparation of Na* diffusion coefficient calculated by GITT at

discharge process. (g) Cycling performance at 1 C.

850-15s), 107.7 mAh/g (TF-850-0s) and 106.7 mAh/g (TF-850-6h).
Fig. 3b displays the rate performances of HTS-850-0s, HTS-850-
15s, TF-850-0s and TF-850-6h. All NVP materials deliver compara-
ble discharge capacity at the rate of 0.1, 0.2, 0.5, 1, 2, 5 and 10 C.
However, HTS-850-15s (97.1 mAh/g) and TF-850-6h (96.2 mAh/g)
display higher reversible capacity compared to the other samples
at 15 C. Meanwhile, the more obvious differences started at 30 C
(Fig. 3b, Figs. S5 and S6 in Supporting information). HTS-850-15s
(91.3 mAh/g) exhibits the highest reversible capacity, followed by
TF-850-6h (87.8 mAh/g), TF-850-0s (74.2 mAh/g) and HTS-850-0s
(68.4 mAh/g). Even at a high rate of 50 C, HTS-850-15s still ex-
hibits a high specific capacity of 83.5 mAh/g. Comparison of rate
performance of HTS-850-15s to the recent results in the literature
for NVP is displayed in Fig. 3c and Table S5 (Supporting informa-
tion) [24-34]. Obviously, the HTS-850-15s material’s performance
is at the mainstream level among all the listed samples. Addition-
ally, EIS is carried out to investigate internal impedance. The semi-
circles at medium frequency are associated with charge-transfer
resistance at the interface (Re). As shown in Fig. 3d, HTS-850-
15s exhibits the lowest R, caused by the unique carbon frame-
work, resulting in the best rate performance. Moreover, GITT was
employed to estimate the Na* diffusion coefficient in four sam-
ples (Fig. S7 in Supporting information). As shown in Figs. 3e and
f, the Na*t diffusion coefficient of HTS-850-0s and HTS-850-15s
seems lower in charge-discharge process, which might result from
the long Na* diffuse path in large particle size [20-22]. And the
rate results (Fig. 3b) and previous study in other literature [35] has
proved that the lower Na* diffusion coefficient is not in contra-
diction with the high rate performance of NVP. In Fig. 3g, supe-
rior capacity retention had been demonstrated among all sam-
ples at 1 C. HTS-850-15s delivers a high capacity retention with
89.9% after 1600 cycles and nearly 100% Coulombic efficiency was
achieved among the whole cycle life. Besides, higher tap density
(~0.98 g/cm3) for HTS-NVP has been measured in Table S6 (Sup-
porting information), which matches the results of NVP particle
size and cycle stability.

To further demonstrate the practical application of the pre-
pared NVP materials, full-cells were assembled with HTS-850-15s
cathode and presodiated hard carbon (HC) anode, abbreviated as
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Fig. 4. Electrochemical behavior of HC//HTS-850-15s full-cells. (a) The charge-
discharge profiles of HTS-850-15s cathode and commercial hard carbon anode in
half cell. (b) The charge-discharge profiles of HC//HTS-850-15s. (c¢) Cycling perfor-
mance at 1 C.

HC//HTS-850-15s. As shown in Fig. 4a, the charge/discharge curves
of HTS-850-15s exhibit a voltage plateau around 3.4V and the
reversible specific capacity of 110 mAh/g in half-cell test, while
the hard carbon exhibits continuous charge/discharge curves with
the reversible specific capacity of 283.5 mAh/g. And the HC//HTS-
850-15s full-cell exhibits initial discharge specific capacity of 108.7
mAh/g at 1 C (Fig. 4b). After 1000 cycles, the full-cell still exhibits
75.6 mAh/g with high capacity retention (69.5%), exhibiting good
cycling stability (Fig. 4c). As shown in Fig. S8 (Supporting informa-
tion), the capacity fade was not caused by HTS-850-15s cathode.
The results indicate the as-prepared NVP materials are feasible for
practical SIBs application.

In this work, a single crystalline like NVP with excellent long
cycle stability, outstanding rate performance, and high tap den-
sity has been developed using HTS and solid-state one-pot reac-
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tion method for SIBs application. Combining SEM and TEM, we
conclude that the impressive performance own to the unique car-
bon framework and large particle size. HTS-850-15s delivers a high
reversible capacity of 110 mAh/g and 89.9% capacity retention af-
ter 1600 cycles and nearly 100% Coulombic efficiency among the
whole cycle life. This work raises a new strategy for the production
of high tap density, and outstanding electrochemical performance
polyanionic cathode materials for SIBs.
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