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Robust Cross-Linked Na3V2(PO4)2F3 Full Sodium-
Ion Batteries

Jinqiang Gao, Ye Tian, Lianshan Ni, Baowei Wang, Kangyu Zou, Yingchang Yang,
Ying Wang, Craig E. Banks, Dou Zhang , Kechao Zhou, Huan Liu, Wentao Deng*,
Guoqiang Zou, Hongshuai Hou, and Xiaobo Ji

1. Introduction

With the ever-growing attention to the utiliza-
tion of large-scale renewable energy storage sys-
tems and devices, Li-ion batteries (LIBs)
gradually play a dominant role in energy mar-
ket, and is getting mature by the day. Nonethe-
less, with respect to the increasing cost of
lithium resulted from its uneven distribution
and limited resource in earth’s crust, the growth
and expansion of LIBs industry might be seri-
ously restrained in the future.[1] Due to the
more acceptable cost and wide distribution of
sodium resources, as well as the referential
experience from LIBs area, SIBs are becoming
one of the most prospective alternatives for
state-of-the-art LIBs.[2] However, the electro-
chemical performances of SIBs are far from sat-
isfactory. Therefore, plenty of researches have
been devoted to design and improve advanced
electrode materials especially the cathode mate-
rials over the past few decades, to achieve satis-
fying performances of SIBs, including high
energy/power density alongside long cycling
lifespan.[3,4] To date, cathode materials of SIBs
can be mainly categorized into four groups,
i.e., layered transition-metal oxides, polyanion-
type compounds, Prussian blue analogues, and
tunnel-structure metal oxides.[5,6] Among them,

most layered transition metal oxides and tunnel-structure metal oxides
depict unsatisfying cycling performances and poor air-stability because
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Sodium-ion batteries (SIBs) have rapidly risen to the forefront of energy
storage systems as a promising supplementary for Lithium-ion batteries
(LIBs). Na3V2(PO4)2F3 (NVPF) as a common cathode of SIBs, features the
merits of high operating voltage, small volume change and favorable specific
energy density. However, it suffers from poor cycling stability and rate
performance induced by its low intrinsic conductivity. Herein, we propose an
ingenious strategy targeting superior SIBs through cross-linked NVPF with
multi-dimensional nanocarbon frameworks composed of amorphous carbon
and carbon nanotubes (NVPF@C@CNTs). This rational design ensures
favorable particle size for shortened sodium ion transmission pathway as well
as improved electronic transfer network, thus leading to enhanced charge
transfer kinetics and superior cycling stability. Benefited from this unique
structure, significantly improved electrochemical properties are obtained,
including high specific capacity (126.9 mAh g−1 at 1 C, 1 C = 128 mA g−1)
and remarkably improved long-term cycling stability with 93.9% capacity
retention after 1000 cycles at 20 C. The energy density of 286.8 Wh kg−1 can
be reached for full cells with hard carbon as anode (NVPF@C@CNTs//HC).
Additionally, the electrochemical performance of the full cell at high
temperature is also investigated (95.3 mAh g−1 after 100 cycles at 1 C at
50 °C). Such nanoscale dual-carbon networks engineering and thorough
discussion of ion diffusion kinetics might make contributions to accelerating
the process of phosphate cathodes in SIBs for large-scale energy storages.
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of unstable structural transition and irreversible lattice oxygen loss dur-
ing sodium ion insertion/extraction.[7,8] The practical application of
Prussian blue analogues is hampered by CN−. While polyanion-type
compounds have many merits, including excellent cycling stability,
sturdy crystalline and slight volume variations during the repeat
charge/discharge processes.

Sodium vanadium-based fluorophosphate Na3V2(PO4)2F3 (NVPF) is
a typical polyanion-type compound with a sodium super ionic conduc-
tor (NASICON) structure, and due to its appealing electrochemical per-
formances, it has shown high prospects in commercial application.[9–11]

For instance, it can exhibit high average mid-working voltage
(3.95 V vs Na+/Na) with a theoretical specific capacity of approxi-
mately 128 mAh g−1, and thus a theoretical energy density of
~507 Wh kg−1.[12–14] However, this material experiences a
major challenge of relatively poor intrinsic electronic conductivity
(~10−12 S cm−1) as a cathode, which gives rise to serious ohmic
voltage drop, as well as critically hampered cycle life and high-rate
capability. To address this problem, a range of strategies regarding
material modification have been proposed, such as carbon matrix
wrapping,[15] special transition metal element doping,[16] and mor-
phology and nanocrystallization regulation,[17,18] etc.

Among these strategies above, coating NVPF with carbon-based
materials is known as one of the most economic and effective ways.
NVPF and carbon composite possess many merits: such as providing
buffer for enhancing the electronic conductance, preventing NVPF from
corrosion by the electrolyte, decreasing the cell polarization and
repressing the volume changes during the intercalation/deintercalation
processes.[19–21] For instance, researchers fabricated NVPF@C
nanocomposite with a thin carbon shell through sol–gel method, and
the composite exhibited a reversible specific capacity of 130 mAh g−1

at 0.5 C as well as capacity retention of 70% over 1000 cycles at 10
C.[22] In another work, Na3V2(PO4)2F3 nanoparticles anchored on
reduced graphene oxide (rGO) composite delivered high reversible
capacity and outstanding high-rate performance.[23] If the carbon mate-
rial is modified, the electrochemical performance of the composite can
be further advanced. A nitrogen-doped carbon modified NVPF deliv-
ered a specific capacity of 94.5 mAh g−1 at 0.2 C, and 87% of the
capacity was remined after 300 cycles at 30 C.[24] Apart from the
capacity, the cycling performances of NVPF cathodes can be improved
as well through carbon coating methods. However, satisfactory high-
rate performance is hard to realize through single carbon layer as gener-
ally the electrical conductivity between particles can not be effectively
enhanced under this circumstance. Therefore, to obtain advanced elec-
trode with outstanding long-term cycling stability remains still a

challenge. To address this problem, dual-carbon coating method via
constructing three dimensional (3D) conductive network is an advanta-
geous strategy, as the inter-particle and intra-particle charge transfer are
both likely to be improved.[17]

In this work, NVPF caged in cross-linked dual-carbon frameworks is
rationally designed and successfully fabricated, where NVPF is dispersed
in robust carbonaceous matrix consisting of carbon layer and CNTs, as
depicted in Figure 1. In the composite, the two carbonaceous materials
function differently. The CNTs networks can provide boosted high-
velocity interparticle electron conduction and excellent structural stabil-
ity through constructing the chemical bridges between NVPF particles.
Particularly, this carbon layer can effectively downsize NVPF particles,
giving rise to shortened charge migration paths and enlarged contact
area between the cathode and electrolyte, enhancing the structural sta-
bility to accommodate the rapid volume variations during repeated
sodium ion extraction/insertion. As a consequence, the comprehensive
electrochemical properties of NVPF@C@CNTs nanoparticles as SIBs
cathode materials are improved remarkably, including good specific
capacity (126.9 mAh g−1 at 1 C), impressive long-term durability
(93.9% capacity reminded after 1000 cycles at 20 C) and exceptional
energy density (405.5 Wh kg−1 based on the mass of cathode active
materials). Besides, choosing an applicable fabrication method is of
great importance to develop low-cost SIBs for large-scale energy storage
systems. Our work employs specific heat treatment technique based on
solid-state carbothermal reaction and this can realize the rapid prepara-
tion of NVPF@C@CNTs (1.1 kg) in the laboratory, suggesting the
advantage in large-scale preparation.

2. Result and Discussion

2.1. Morphology and Physical Chemistry Properties

Starting with the structure description of NVPF, as shown in Figure 2a,
the structural framework of NVPF is composed of V2O8F3 bioctahedra
and PO4 tetrahedra, where the two units are connected through sharing
O atoms along the ab-plane. This stable structure possesses plenty chan-
nels for fast sodium ion migration. There are two different positions
for sodium ions in the framework, which are fully and partially occu-
pied sites, respectively. In our previous work, the sodium ion migration
mechanism and diffusion capability in NVPF were illustrated, and it is
confirmed that sodium ions at the fully occupied sites is too stable to
be extracted from the structure,[25,26] implying that the charge/dis-
charge processes of NVPF are mainly dominated by the sodium ions

Figure 1. Illustration for the structure of NVPF@C@CNTs composites.
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located at partially occupied sites. Its crystal structure was further clari-
fied through XRD. As shown in Figure 2b, the peaks of precursor and
as-prepared NVPF are in good agreement with VPO4 (PDF# 76-
20223) and NVPF (PDF# 089-8485), respectively. Figure S1a,b, Sup-
porting Information, show the X-ray diffraction (XRD) patterns of as-
prepared NVPF@C@CNTs under different annealing temperatures and
calcining duration times. All the diffraction peaks are well-matched
with the space group of P42/mnm in NASICON structure except for the
sample of NVPF@C@CNTs-550 °C. With the increase of annealing
temperature, the degrees of crystallinity of NVPF are enhanced gradu-
ally. Impurity peaks can be observed in the sample annealed at 850 °C,
which might be ascribed to the destruction of the NVPF crystal struc-
ture. As demonstrated in Figure S1b, Supporting Information, the parti-
cles are well crystallized after being annealed at 750 °C for 0.5 h.
Noting that, in order to get satisfactory crystallinity, the condition
750 °C/2 h was selected to prepare electrode materials.

The Rietveld refinements (Fullprof software) of the as-prepared
NVPF, NVPF@C and NVPF@C@CNTs powder samples (Figure 2c–e
and Figure S1c, Supporting Information) are performed to obtain the
lattice parameters (Tables S1 and S2, Supporting Information). It is
noticed that the peak positions, intensity ratio, and peak sharpness of

these XRD patterns are almost the same, indicating the high purity of
all samples. For NVPF@C@CNTs, most of the diffraction peaks are
consistent with the tetragonal NVPF phase, and the corresponding lat-
tice parameters of space group P42/mnm are a = b = 9.03 Å,
c = 10.63 Å and V = 866.9 Å3, which is in accordance with the
NVPF standard crystal structure reported previously.[25] It demonstrates
that the prepared material is well-crystallized. For the carbonaceous
material in the composite, the characteristic peaks corresponding to
CNTs (Figure S1d, Supporting Information) are not clearly detected in
NVPF@C@CNTs, suggesting that either the peak intensities of CNTs
are much lower than those of NVPF or the contents of CNTs are extre-
mely low.

It is of great importance to figure out the carbon quantity in the
composites, as it will affect the physiochemical properties of the NVPF
based composites from many ways. To certify the existence and deter-
mine the quantity of the carbon, thermogravimetric analysis (TGA)
was employed. The carbon amounts of bare NVPF, NVPF@C and
NVPF@C@CNTs were evaluated to be <0.1 wt%, 5.9 wt%, and
4.1 wt%, respectively, based on the weight loss between 300 °C and
500 °C, as shown in Figure S2, Supporting Information. A small
weight loss before 300 °C is due to the evaporation of surface-

Figure 2. Structural characterizations of the prepared samples. a) Crystal structure of NVPF. b) XRD patterns of precursor and NVPF. c–e) Rietveld refined
XRD patterns, f) Raman spectra curves, g) FT-IR spectra, and h) Normalized sXAS spectra of the V L-edge for NVPF, NVPF@C and NVPF@C@CNTs samples.
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absorbed water, and the slight weight increase after 550 °C might be
ascribed to the oxidation of trivalent vanadium in air. Note that the
carbon is the overall weight of carbonaceous materials originated
from CNTs and citric acid. With the existence of the carbon, it is not
surprising that the tap density of NVPF@C@CNTs (1.039 g cm−3) is
lower than that of bare NVPF (1.147 g cm−3) (Figure S3 and Table
S3, Supporting Information). Additionally, the electronic conductivity
of the composite has also been altered. Here, the electronic conductiv-
ities of all samples were investigated by using a four-probe meter
(Table S4, Supporting Information). The electric conductivity of
NVPF@C@CNTs (2.1 × 10−2 S m−1) is much higher than those of
NVPF (3.2 × 10−4 S m−1) and NVPF@C (7.4 × 10−3 S m−1). These
results are attributed to the CNT networks with high conductivity and
their decent electrical contacts with particles, which are beneficial for
improving the electrochemical performances.

To further explore the detailed structure information of the obtained
materials, they are characterized via Raman spectroscopy. As shown in
the Raman spectra (Figure 2f and Figure S4, Supporting Information)
of bare NVPF, the band at 937 and 1049 cm−1 are ascribed to the P–O
symmetrical/asymmetrical stretching vibration of PO4, respectively. As
for NVPF@C and NVPF@C@CNTs, the two intense characteristic peaks
at 1345 and 1585 cm−1 are assigned to disordered graphitic carbon
from sp3 carbon atoms (D-band) and crystalline graphitized carbon
from sp2 carbon atoms (G-band), respectively. Moreover, the calculated
relative intensity ratios of D band to G band (ID/IG, defined to evaluate
the structural disordering of carbon materials) of CNTs is about 0.38,
and the ratio of NVPF@C@CNTs (about 0.76) is much smaller than
that of NVPF@C (about 0.96). This suggests that the degree of graphi-
tization of the dual-carbon networks is greatly enhanced due to the
existence of CNTs, thus leading to superfast charge transmission as well
as improved electrochemical properties.

The structure of all samples was also illustrated by Fourier transform
infrared (FT-IR) spectroscopy, and the results were recorded in Fig-
ure 2g. The characteristic absorption peaks are quite distinct to tell. An
absorption peak of PO4

3− indexed to unsymmetrical stretching vibra-
tion is noticed at 1185 cm−1, the broadband located at 1000–
1150 cm−1 is ascribed to the asymmetric stretching vibration of P–O
bonds in PO4

3− tetrahedra, the bands at 682 and 632 cm−1 are
ascribed to the symmetric stretching vibration and bending vibration of
P–O, respectively. The band at 944 cm−1 demonstrates the presence of
V–F bonds in V2O8F3 bi-octahedral, while the band at 918 cm−1 is
attributed to the stretching vibration of V–O bonds. Additionally, the
absorbance of V–F bonds is particularly weaker than the other bonds,
resulted from a small number of V–F in the lattice. Notably, the charac-
teristic peak of V5+ in VO6 octahedra at 760 cm−1 is not detected,
which is attributed to the completely reduction of V5+ in V2O5.

X-ray photoelectron spectroscopy (XPS) tests and soft X-ray
absorption spectroscopy (sXAS) measurements were performed to
investigate the chemical states of V in the as-prepared samples. The
main elemental signals (C 1s, O 1s, Na 1s, F 1s, P 2s, P 2p, and V
2p peaks) are observed in the survey XPS spectra (Figure S5a, Sup-
porting Information). For the element V, a pair of peaks are
detected from high-resolution spectra of V element (Figure S5b,
Supporting Information), the sharp peak at the binding energy of
~517 eV is attribute to V 2p3/2 and the other less sharp peak at
~525 eV is ascribed to the electrons in V 2p1/2, both of which are
characteristic peaks of V3+.[28] In addition, the sXAS spectra of all
the three samples further confirm +3 valence states for the V
ions,[27] as shown in Figure 2h.

With the introduction of carbonaceous materials, the specific
surface areas of the samples are increased slightly, as characterized
by nitrogen adsorption–desorption technique (Figure S6, Support-
ing Information). According to the Brunauer–Emmett–Teller (BET)
method, the specific surface areas of NVPF, NVPF@C and
NVPF@C@CNTs are calculated to be 13.05, 16.73 and
18.93 m2 g−1, respectively. The increased specific surface area is
beneficial for improving the contact between the cathode and elec-
trolyte. The pore size in NVPF@C@CNTs is mainly distributed
between 2–5 nm, as displayed by the Barrett–Joyner–Halenda
(BJH) pore size distribution curve (the inset), and the mesoporous
structure of NVPF@C@CNTs would facilitate the infiltration of
electrolyte.

The morphology and microstructure of the samples were character-
ized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). It is found that carbonaceous materials can effec-
tively alter the particle size of NVPF (Figure 3a–c, Figures S7 and S8,
Supporting Information), and this carbon coating strategy have effec-
tively fabricated a robust 3D cross-linked carbonaceous framework for
electrochemical energy storage. The morphology of bare NVPF particles
is the most regular among all the samples with an average particle size
of 1–3 μm. The diameter of single nanoparticle in both NVPF@C and
NVPF@C@CNTs are down to 100–500 nm, demonstrating that the
growth of NVPF particles is significantly inhibited by the introduction
of carbonaceous materials. Greatly, the electron and sodium ion diffu-
sion are expected to be significantly improved, benefitted from the
decreased particle size and the shortened diffusion path.

As shown in Figure S8a–f, NVPF nanoparticles are tightly wrapped
by amorphous carbon layer (thickness about 10 nm) and evenly dis-
persed in the 3D network composed of connected CNTs. This unique
3D CNTs network can optimize the conductivity of NVPF composites
and buffer the variation of stress during the sodium ions extraction/in-
sertion. Furthermore, such intertwined CNT framework could effectively
enhance the electron transport for long distances by forming the bridges
between different NVPF particles, which is highly favorable for achiev-
ing superior rate performances of NVPF@C@CNTs. In the high-
resolution TEM (HRTEM) images of samples (Figure 3d–f and Fig-
ure S8e), lattice fringes are clearly observed with the stripe spaces of
0.27, 0.23, 0.25 and 0.32 nm, which are assigned to the interplanar
distance of (222), (223), (312), and (220) planes in tetragonal NVPF
crystal, respectively. To confirm the element distribution and composi-
tion at the surface of NVP@C@CNTs, EDS mapping was conducted
(Figure 3g). As depicted by the EDS elemental mapping images, Na, V,
O, P, F, and C are distributed homogeneously in the composite, which
is in good accordance with the full XPS survey spectra. It is found that
the carbon element is densely and evenly distributed on the surface of
NVPF (Figure S8, Supporting Information and Figure 3g), further con-
firming that NVPF is completely encapsulated by carbon layers. This uni-
form carbonaceous framework would facilitate sodium ions insertion/
extraction with a fast speed, which is in favor of high-rate performances.

2.2. Electrochemical Performances of the Sodium-Ion Half Cell

In-situ XRD method was utilized to reveal the charge/discharge mecha-
nism of NVPF@C@CNTs under the current density of 0.5 C and volt-
age range from 2.5 to 4.3 V. As presented in Figure 4a,b and
Figure S9, Supporting Information, the diffraction peaks of (002),
(220) and (222) crystal planes are located at 16.55°, 27.95° and
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32.64° in the pattern of fresh electrode, respectively. When the
NVPF@C@CNTs electrode is charged to 3.7 V, both (220) and (222)
peaks are shifted to higher angles, while (002) peak is moved to lower
angle. This is corresponding to the two-phase transformation from
Na3V2(PO4)2F3 to Na2V2(PO4)2F3 with the extraction of sodium ion.
As the voltage achieves 4.1 V, the positions of the three peaks are
changed more obviously, indicating that sodium ion is extracted
through the transformation from Na2V2(PO4)2F3 to NaV2(PO4)2F3.
A reverse angle changes are presented during the discharging process
and all the diffraction peaks shift back to their initial positions as
the NVPF@C@CNTs electrodes discharging to 2.5 V. These all prove

that a single-phase solid solution reaction process appeared in both the
charge and the discharge processes, and they also demonstrates that
the electrochemical behavior of NVPF@C@CNTs electrodes is a
rather reversible process of sodium ion extraction/insertion
[Na3 VIIIð Þ2 PO4ð Þ2F3 ⇌Na VIVð Þ2 PO4ð Þ2F3 þ 2Naþ þ 2e�].

To explore the electrochemical properties of the samples, a series of
coin-type half cells were assembled and carefully investigated through
systematic electrochemical tests. The Cyclic voltammetry (CV) measure-
ments of bare NVPF under 0.1 mV s−1 versus Na+/Na were conducted
(Figure 5a) to study the sodium ion insertion/extraction behavior.
Two pairs of redox peaks, located respectively at 3.6/3.7 and 4.1/

Figure 3. Morphology characterizations of samples. SEM images of a) NVPF, b) NVPF@C, and c) NVPF@C@CNTs. d–f) TEM and HRTEM images with
different magnifications and g) elemental mapping images of NVPF@C@CNTs.

Energy Environ. Mater. 2023, 0, e12485 5 of 12 © 2022 The Authors. Energy & Environmental Materials published by
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4.2 V, are noticed in the curve, which are assigned to the V3+/V4+

transform. The overlap of these redox peaks indicates the excellent
reversibility over the successive cycling processes during the transfor-
mation between Na3V2(PO4)2F3 and NaV2(PO4)2F3 as shown in the
following.

Na3 VIIIð Þ2 PO4ð Þ2F3 ⇌Na2 VIIIVIVð Þ PO4ð Þ2F3 þ Naþ þ e�

Na2 VIIIVIVð Þ PO4ð Þ2F3 ⇌Na VIVð Þ2 PO4ð Þ2F3 þ Naþ þ e�

The galvanostatic charge–discharge (GCD) profiles of the first cycle
of all samples at 1 C in the potential window of 2.0–4.3 V (vs Na+/
Na) are displayed in Figure 5b. Two pairs of flat and steady voltage
plateaus (~3.7 and 4.1 V) can be observed, corresponding to the
redox pair of V3+/V4+ with two sodium extraction and insertion,
which is well consistent with CV test results. More importantly, the
specific capacity of NVPF@C@CNTs is greatly improved demon-
strated by GCD test. Compared with bare NVPF (106.1 mAh g−1)
and NVPF@C (117.6 mAh g−1), the designed NVPF@C@CNTs
cathode delivers the highest initial discharge capacity of
126.9 mAh g−1 with the initial Coulombic efficiency (ICE) of
89.6%. The loss of charge capacity might be attributed to electrolyte
decomposition and the formation of cathode electrolyte interphase
(CEI). It is worth mentioning that the discharge capacity of
NVPF@C@CNTs is close to its theoretical capacity, suggesting that
the construction of dual-carbon conductive matrix would greatly
enhance the electrochemical properties. In comparation with the
other samples, NVPF@C@CNTs delivers the highest discharge

capacity together with a corresponding capac-
ity retention as high as 96.7% after 100 cycles
at the rate of 1 C, as displayed in Figure 5c,
implying the remarkably stable charge/
discharge behavior. In addition, the improved
electrochemical performances are still main-
tained even at high areal capacity (Figure S10,
Supporting Information). Therefore, it is
concluded that the introduced CNT is
responsible for the high reversible specific
capacity and remarkable cycling stability of
NVPF@C@CNT composites. In addition, a
comparison of the ICE and first-cycle capacity
of the NVPF@C@CNTs electrodes in this
work and that of previous work in the litera-
tures are given in Table S5, Supporting Infor-
mation. Our work has shown quite appealing
and comparable first cycle capacity and ICE.

In order to investigate the electrochemical
stability of different samples during cycling, the
dQ/dV curves were recorded, respectively (Fig-
ure 5d–f). There are two pairs of characteristic
peaks corresponding to the two voltage plat-
forms in all curves, showing the consistence
with the results of CV and GCD tests. However,
different polarization performances are
observed. As demonstrated in Figure 5d, bare
NVPF suffers severe voltage degradation and
undesirable discharge capacity loss. In contrast,
polarization is significantly reduced due to the

introduction of carbonaceous materials (Figure 5e,f), and the capacity
contribution of high voltage platforms (~4.1 V) of NVPF@C@CNTs is
increased remarkably, leading to desired energy density increase.

The effects of carbon framework on the rate performances were also
measured at consecutive current densities varied from 1 to 20 C. As
depicted in Figure 5g–i, NVPF@C@CNTs shows more favorable rate
capability, mid-working discharge voltage, power density and energy
density than other samples, and this is more distinctive at high current
densities. The NVPF@C@CNTs electrode displays an average discharge
capacity of 112, 110, 109, 107, 104, and 99 mAh g−1 at correspond-
ing rates of 0.5, 1, 2, 5, 10, and 20 C, respectively. Surprisingly,
when the current density returns to 0.5 C after 50 cycles, the dis-
charge capacity recovers to 110 mAh g−1, which is close to its initial
capacity, exhibiting remarkable rate performances. This implies that
the insertion/extraction of sodium ion in the NVPF@C@CNTs elec-
trode is of excellent reversibility even at high rates. However, the rate
performances of bare NVPF and NVPF@C are much inferior, suffering
rapid capacity attenuation as the current density increases, indicating
that the introduction of CNTs is beneficial to boost the electron trans-
port and improve the sodium storage capability of NVPF accordingly.

As shown in Figure 5j, long-term cycling performances and
Coulombic efficiencies of all samples at high current rate were con-
ducted. The NVPF@C@CNTs shows marvelous long-term cycling sta-
bility at high rate of 20 C, and a specific capacity of 93.3 mAh g−1 is
left even after 1000 cycles and a capacity retention of 93.9% is obtained
(i.e., 0.0061% capacity loss per cycle). By contrast, the remaining
specific capacities of bare NVPF and NVPF@C are only 52.1 and
65.9 mAh g−1 after 1000 cycles, corresponding to capacity retentions
of 71.6% and 62.8%, respectively, which are much lower than that of

Figure 4. a) 3D in-situ XRD patterns and b) structural evolution of NVPF@C@CNTs electrodes during
Na-intercalation/extraction under the applied current rate of 0.5 C between 2.5–4.3 V versus Na+/Na.
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NVPF@C@CNTs. This significant difference of initial discharge capacity
between bare NVPF and NVPF@C@CNTs should be ascribed to the
powerful conductive network constructed with closely attached carbon

layer and cross-linked CNTs. This unique conductive network can make
the discharge process more sufficient than the other samples through
accelerating the electron transport and shortening the sodium diffusion

Figure 5. Electrochemical properties tested in coin-type half cells: a) CV curves for the first five cycles of bare NVPF at 0.1 mV s−1. b) The GCD profiles of
the first cycles at 1 C under the potential window of 2.0–4.3 V. c) Cycling performances at 1 C. d–f) The dQ/dV curves for the selected cycles at 1 C. g)
Rate capability, h) corresponding mid-working discharge voltage at various current rates from 0.5 to 20 C, and i) Ragone plot at various rates. j) Long-term
cycling performances and coulombic efficiency of all samples at 20 C rate for 1000 cycles in the voltage range of 2.5–4.3 V.

Energy Environ. Mater. 2023, 0, e12485 7 of 12 © 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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path, which is beneficial for delivering high discharge capacity. Besides,
the carbon layer closely coated on the surface of particles prevents NVPF
from corrosion by the electrolyte and represses the volume changes
during the charge/discharge processes, enabling NVPF@C@CNTs mar-
velous long-term cycling performances even at high rate.

Moreover, as shown in Figure S11a, Supporting Information, the
capacity retention of NVPF@C@CNTs is close to 50% after a ultralong-
term cycling test over 10 000 cycles at 20 C. To get a better under-
standing of the superior structural stability, the XRD and SEM tests of
NVPF@C@CNTs materials before and after cycling process were con-
ducted. No obvious discrepancies can be found between pristine
NVPF@C@CNTs and the cycled electrode (Figure S12, Supporting
Information), which indicates that double carbon-wrapped
NVPF@C@CNTs nanocomposite possesses brilliant structural stability
in relieving internal pressure originated from electronic transport and
sodium ion insertion/extraction. To investigate the reason for deterio-
rated electrochemical performances, the NVPF@C@CNTs electrode was
reassembled with new metallic Na after 10 000 cycles. Surprisingly,
the reassembled cell exhibits a discharge capacity as high as

100 mAh g−1 at the first cycle (Figure S11b, Supporting Information).
This result demonstrates that the reason for the deterioration of the bat-
tery might be the consumption or decomposition of the electrolyte or
the dendrite problem of the negative electrode, rather than the decay of
the positive electrode material, which further confirms the robust struc-
ture of the NVPF@C@CNTs electrode material at high rates.

2.3. Electrochemical Sodium-Storage Behavior

The galvanostatic discharge profiles tested under the voltage range from
0.5 C to 20 C are exhibited in Figure 6a–c and Table S6, Supporting
Information. It is found that the NVPF@C@CNTs cathode possesses
the lowest potential polarization, which is closely associated with the
most stable structure compared with the other electrodes, especially at
the increased current rates. CV tests were utilized to further confirm the
Na-migration kinetics in the samples. The electrodes were cycled in the
voltage range of 2.0–4.5 V versus Na+/Na with scan rates of 0.1, 0.2,
0.5, 1.0, 2.0, 3.0 and 5.0 mV s−1. As depicted in Figure 6d–f, with

Figure 6. a–c) The discharge profiles at various current rates. d–f) CV curves at multiple scan rates ranging from 0.1 to 5 mV s−1. g) CV curves and
calculated pseudo-capacitance fraction (blue region) of bare NVPF at 0.2 mV s−1 (vs Na+/Na). Contribution ratios of the capacitive-controlled capacity at
different scan rates of h) NVPF and i) NVPF@C@CNTs.

Energy Environ. Mater. 2023, 0, e12485 8 of 12 © 2022 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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the increase of scanning rates, the current intensities, area of the CV
curves and positions of redox peaks are changed, which is attributed to
the increased polarization. Moreover, the linear relations between the
logarithm of peak current and logarithm of scan rate are presented in
Figure S13, Supporting Information. The b values for the peaks of all
the samples are above 0.5, indicating the existence of pseudo-
capacitance behavior. What calls for special attention is that the b values
of NVPF@C@CNTs are close to 0.9, suggesting that the electrochemi-
cal reaction system is mainly controlled by capacitance. The total cur-
rent contribution of pseudo-capacitance for bare NVPF is calculated to
be 48.77% at scan rate of 0.2 mV s−1 (Figure 6g). Contributions of
the capacitive-controlled capacity at selected scanning rates for NVPF
cathode are much lower than those of NVPF@C@CNTs (Figure 6h,i).
This proves that the electrochemical performances of NVPF@C@CNTs
cathode at high rates has been effectively improved through downsiz-
ing the particle size and optimizing surface-interface of the electrode
composites by this double carbon coating strategy.

The galvanostatic intermittent titration technique (GITT) measure-
ments were conducted with an alternately charged time of 1200 s at
0.1 C, followed by a resting time of 7200 s, and single step of titration
curves are presented in Figure S14, Supporting Information. The varia-
tion of all the calculated diffusion coefficients (DGITT) under different
states over the first charge and discharge process of NVPF-based

electrodes are demonstrated in Figure 7a–c and Figure S15, Supporting
Information. The values of DGITT are all worked out to be in the range
of 10−12–10−8 cm2 s−1, showing a rapid diffusion capability of this
NASICON-type structure. During charge/discharge processes, the values
at low-potential plateaus (around 3.7 V) are obviously smaller than that
at high-potential plateaus (about 4.1 V), agreeing well with the CV
results. Additionally, the DGITT of NVPF@C@CNTs cathode is the high-
est among all the samples, confirming the satisfactory ionic diffusion
kinetics benefited from improved electronic conductivity and smaller
particle size caused by 3D CNTs capping.

Electrochemical impedance spectroscopy (EIS) was employed to
investigate the electrochemical properties and electrode reaction kinet-
ics of different samples. The EIS tests were conducted in the frequency
ranging from 105 to 0.01 Hz, and the Nyquist plots of the electrodes
before and after cycling are illustrated in Figure 7d,e. Similar behav-
iors are observed for all the samples, including one semicircle and an
inclined line. The insets shown in the figures are simplified equivalent
circuit models to analyze the impedance spectra, where the Rs ohmic
resistance is corresponded to electrolyte resistance, the Rct charge-
transfer resistance is related to the diffusion of the sodium ion between
the electrode and electrolyte, and the Zω Warburg impedance is
assigned to sodium ion diffusion in the composites. Constant phase
element (CPE) is associate with the double layer capacitance and

Figure 7. Na-migration kinetic properties for all NVPF-based materials in half-cells. a–c1) GITT profiles and Na+ diffusion coefficient of all samples at
different charge/discharge states. d, e) Nyquist plots of all samples after activation and after 100 cycles at 1 C, insets are corresponding fitted equivalent
circuits and corresponding results display in Table S7. f) The relationship between Z0 and ω−1/2 after 100 cycles at 1 C.

Energy Environ. Mater. 2023, 0, e12485 9 of 12 © 2022 The Authors. Energy & Environmental Materials published by
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passivation film capacitance.[29] The obtained impedance parameters
are listed in Table S7, Supporting Information. Notably, the
NVPF@C@CNTs electrode after activation demonstrates a much lower
Rct (201.7 Ω) compared with those of NVPF (592.1 Ω) and
NVPF@C (470.5 Ω), which is beneficial for decreasing the kinetics
restriction. Additionally, all the Rct values are decreased after 100 cy-
cles, as the electrode surface is activated through the charging/dis-
charging process. Besides, the relationship between the real part of the
impedance at low frequencies for sample after 100 cycles is compared
(Figure 7f). The smaller slope values mean faster sodium-ion diffu-
sion in the electrochemical processes, proving that the introduction of
coating carbon and CNTs can boost sodium migration of NVPF parti-
cles, which further confirms this unique cross-linked dual-carbon net-
works could enhance the rate performances of the samples.

2.4. Electrochemical Performances of Sodium-Ion Full Cell

To evaluate the feasibility of NVPF@C@CNTs electrode in potential
practical application, full cells were assembled by using the
NVPF@C@CNTs as cathode and hard carbon (HC) as anode[30,31]

(Figure 8a). Before the full cells assembling, HC anodes were chemi-
cally pre-sodiated at 30 mA g−1 to reduce the irreversibility and
enhance the stability of the full cell during cycling.[32] Figure 8b shows
the charge/discharge curves of NVPF@C@CNTs cathode and HC
anode in half cells, respectively. Owing to the low sodiation/desodia-
tion potentials of HC anode, the GCD tests of full cells show smooth
charge/discharge profiles (Figure 8c), which is in good agreement
with those of NVPF@C@CNTs half cells. Under the current density of
0.1 C between 4.3 and 2.0 V, this full cell exhibits an initial discharge
capacity of 120.8 mAh g−1, with a high energy density of
405.5 Wh kg−1 (based on the cathode mass) (Figure 8d). Satisfactory
reversible capacities of 120.8, 117, 113.6, 111.3, 105.7 and
97.8 mAh g−1 are reached at rates of 0.1, 0.5, 1, 2, 5 and 10 C,
respectively. Figure 8e shows the application of NVPF@C@CNTs//HC
SIBs, where over 1.1 kg NVPF@C@CNTs composites were synthesized
through the method described in the experimental part, indicating the
advantages in rapid mass preparation of active material. Interestingly, a
coin-type full cell (NVPF@C@CNTs//HC) can power the electronic
scale. After 100 cycles under 1 C at room temperature, the capacity
retention is about 91.5%, (Figure 8f) which is slightly lower than
NVPF@C@CNTs half battery (Figure 5c) due to the degradation of

Figure 8. Electrochemical performances of NVPF@C@CNTs//HC full cells. a) Schematic of full SIB of NVPF@C@CNTs//HC. b) GCD curves of NVPF@C@CNTs
and hard carbon anode. c) Rate capabilities of full cell from 0.1 C to 10 C and d) corresponding mid-working discharge voltage and energy density. e)
Photograph of NVPF@C@CNTs and electronic scale power by the coin full cell. f) Cycling performances at 1 C at different temperature. g) Long-term cycling
performances at 5 C for 500 cycles and h) the Ragone plots.

Energy Environ. Mater. 2023, 0, e12485 10 of 12 © 2022 The Authors. Energy & Environmental Materials published by
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hard carbon anode. In addition, the performances of full cells were
investigated under extreme temperature conditions. The cell exhibits a
higher initial discharge capacity (122.9 mAh g−1) at 50 °C than that at
room temperature (115.9 mAh g−1) due to the increased activity of
sodium ion. Moreover, long-term stability of the full cell was investi-
gated as well. The specific capacity of NVPF@C@CNTs//HC SIB is
about 91.4% left after 500 cycles with an initial discharge capacity of
98.9 mAh g−1 at 5 C, demonstrating excellent cycling performances
(Figure 8g). Moreover, Ragone plots of this work and other
phosphate-based full batteries are given in Figure 8h.[33–40] This
NVPF@C@CNTs//HC full cell exhibits an energy density of
278.7 Wh kg−1 and a power density of 212.4 W kg−1 (based on the
total mass of anode and cathode materials). Notably, as the power den-
sity reaches 4185.6 W kg−1, a high energy density of 247.9 Wh kg−1

can be still left, showing its high potential for practical application.

3. Conclusion

In summary, robust NVPF caged in 3D cross-linked carbon networks
composed of carbon layer and intertwined CNTs have been successfully
designed and synthesized as cathode materials for full sodium-ion batter-
ies. The NVPF are downsized to ~100 nm because of the introduction of
carbonaceous materials, which are functioned as confined microspace. In
addition, charge transfer between NVPF@C@CNTs particles is signifi-
cantly improved due to the increased charge transmission kinetics and
shortened ionic transfer pathway. As a consequence, the NVPF@C@CNTs
cathode exhibits impressive electrochemical performances, including an
initial specific capacity of 126.9 mAh g−1 and excellent cycling stability
(93.9% capacity retention over 1000 cycles at 20 C). Besides, the
NVPF@C@CNTs//HC full batteries reach an energy density of
405.5 Wh kg−1 (based on the cathode mass) as well as excellent cycling
performances at high temperature (50 °C). It is worth mentioning that
1.1 kg NVPF@C@CNTs composites have been successfully prepared via
a solid-state reaction technique, suggesting its huge advantage on mass
preparation and commercial application. This enhanced strategy paves a
way to accelerate commercial application of SIBs electrode materials.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes towards
UOR and supercapacitor application is provided in Supporting Information.
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