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ABSTRACT: NASICON-type NaVPO4F (NVPF) has received
much attention from researchers due to its open three-dimensional
framework and high theoretical capacity. However, the limited
internal electronic conductivity and energy density hinder the
widespread commercialization of NVPF. Herein, a series of
NaV1−xFexPO4F/C (x = 0, 0.04, 0.06, and 0.08) was constructed
via a sol−gel method by introducing a partial amount of Fe3+ into
NVPF. The introduction of Fe3+ doping effectively enhanced the
structural stability of the material, thereby facilitating rapid Na+
intercalation/deintercalation and leading to improved electro-
chemical properties. The results show that NVPF−Fe0.06 has
excellent electrochemical performance, with a discharge specific
capacity of 133.8 mAh g−1 at 0.2 C and a capacity retention of
94.5% after 100 charge/discharge cycles. Even after 1000 cycles at 5 C, it still has a high capacity retention of 86.2%. Additionally,
the de-embedding mechanism of the NVPF−Fe0.06 electrode material is revealed by ex situ X-ray diffraction and in situ
electrochemical impedance spectroscopy results. More importantly, the specific discharge capacity of assembled HC//NVPF−Fe0.06
full cell reached 112.1 mAh g−1 at 5 C. This work explores a new avenue to facilitate the commercialization of polyanionic cathode
materials.

1. INTRODUCTION
In recent decades, lithium-ion batteries (LIBs) have success-
fully penetrated the new energy market and become an integral
part of everyday life due to their high energy density and
excellent cycle stability.1 However, the lithium resource
reserves are exceedingly limited, leading to a substantial
increase in the cost of lithium.2 Sodium metal is not only
abundant and inexpensive, but lithium and sodium also belong
to the same main group and have similar physicochemical
properties.3 This means that research efforts related to LIBs
can be derived directly from sodium-ion batteries (SIBs),
making them a strong contender for next-generation large-scale
energy storage systems.4,5 The low energy density of SIBs is
attributed to the substantial radius and weight of sodium
atoms.6 In SIBs, selecting the cathode material is crucial for
achieving high battery energy density.7,8 Up now, the cathode
materials with excellent potential are mainly categorized into
transition metal oxide compounds, Prussian blue analogues,
and polyanionic compounds.9−15

Among various materials, the NASICON-type polyanionic
compound NaVPO4F (NVPF) has attracted widespread
attention due to its strong covalent P−O bond, which is
conducive to slowing the structural evolution during the Na+
deposition process.16 Moreover, the introduction of strong
electronegative F− in the system can further improve the
working voltage.17,18 At the same time, NaVPO4F has a high

theoretical capacity (143 mAh g−1)19 and low content of toxic
vanadium compared to other phosphate compounds
Na3V2(PO4)3 (117.6 mAh g−1)20 and Na3V2(PO4)2F3 (128
mAh g−1),21 thus making NVPF become a high-performance
green cathode material with excellent development prospects.
However, the low internal electronic conductivity of NVPF is
only 3.9−6.2 × 10−12 S cm−1, which makes its long cycle and
rate performance much lower than expected.22 Therefore,
NVPF is difficult to apply in commercial applications. To solve
this problem, many methods have been applied to modify
electrode materials, such as composite carbon materials with
good conductivity,23−26 nanostructure design,27 and ion
doping (Al3+,28 W6+,29 and Ti4+ 30). Furthermore, composite
carbon materials entail higher costs.31 However, ion doping is
widely favored by researchers as an economically viable and
environmentally friendly strategy.32 Wang et al. reported that
the introduction of Zr4+ into Na4MnV(PO4)3/C enlarged the
lattice volume and facilitated the Na+ transport, resulting in a
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high capacity retention of 81.2% for Na3.9Mn0.95Zr0.05V(PO4)3/
C samples after cycling at 1 C for 500 cycles.33 Chen et al.
reported that the addition of Ga3+ to Na3V2(PO4)3 activated
additional redox pairs (V4+/V5+) at 4 V, resulting in an
increased energy density that exceeded the theoretical specific
capacity by 152.3 mAh g−1 at 1 C. Furthermore, even at 20 C,
the material exhibited minimal capacity loss with a rate of only
0.02375% per cycle after 1000 cycles.34 Yue et al. synthesized
Na3V1.85Fe0.15(PO4)2O2F microcubes by substituting some of
V3+ with Fe3+, resulting in an outstanding discharge specific
capacity of 137.2 mAh g−1 at 1 C. The reason for the improved
performance is that Fe doping improves the internal
conductivity of NVFPOF and slows the rate of structural
evolution during the cycle.35

Fe is not only cheap with large reserves, but Fe3+ also has a
small ionic radius (0.64 Å) can enter the V3+ (0.74 Å) site
easily. Herein, in this work, Fe3+ was successfully doped into
NaVPO4F, replacing a portion of V3+ to construct a series of
NaV1−xFexPO4F/C (x = 0, 0.04, 0.06, and 0.08 hereafter
referred to as NVPF/C and NVPF−Fex) materials synthesized
by a sol−gel method. The results demonstrate that NVPF−
Fe0.06 displays outstanding electrochemical properties due to a
2−3 nm thick amorphous carbon layer on its surface.
Furthermore, many irregular perforations are formed on the
material’s surface, enlarging the Na+ transmission pathway and

significantly enhancing the material’s internal electronic
conductivity. Additionally, introducing Fe3+ doping can
enhance the stability of the crystal structure and effectively
improve the material’s structural reversibility during cycling.
The sodium deintercalation mechanism of NVPF−Fe0.06
during charge and discharge was observed by ex situ X-ray
diffraction (XRD) and in situ electrochemical impedance
spectroscopy (EIS). Moreover, the specific discharge capacity
of the HC//NVPF−Fe0.06 full cell was 112.1 mAh g−1 at 5 C,
further demonstrating the good potential of the Fe3+ doping
strategy.

2. EXPERIMENTAL SECTION
2.1. Material Synthesis. NaV1−xFexPO4F/C (x = 0.04, 0.06, and

0.08) was synthesized via the sol−gel method followed by high-
temperature calcination. A total of 3 mmol of V2O5 and 11 mmol of
H2C2O4·2H2O were added to the beaker and stirred at 70 °C for 1 h.
The mixture was then supplemented with 3 mmol of NaF, 3 mmol of
NH4H2PO4, and a specific quantity of Fe(NO3)3·6H2O, followed by
stirring for 5 h to yield a dark green gel. Subsequently, the gel was
subjected to drying at 90 °C for 12 h. The precursor was heat-treated
in a tube furnace at 350 °C in an argon atmosphere for 4 h, and then
the temperature was raised to 750 °C for calcination for 8 h to obtain
the target product NVPF−Fex (x = 0.04, 0.06, and 0.08). The
preparation process of NVPF/C samples was the same as that above,
without adding Fe(NO3)3·6H2O.

Figure 1. Schematic flowchart of the preparation of sample NVPF−Fex.

Figure 2. (a) XRD patterns of the synthesized NVPF−Fex (x = 0, 0.04, 0.06, and 0.08) samples. (b) Local enlargement of the XRD pattern. (c and
d) V 2p and Fe 2p of the NVPF−Fe0.06 sample. (e) Na/V ratio for NVPF−Fex obtained from the ICP analysis and various models listed in the
legend.
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2.2. Material Characterization. The crystal structure of the
sample was characterized by XRD (Bruker D2, Cu Kα). The
microstructure of the sample was analyzed using scanning electron
microscopy (SEM, Thermo Scientific Apreo 2C) and high-resolution
transmission electron microscopy (HR-TEM, Talos F200S G2). The
pore type of the material was determined by an automatic physical
adsorption instrument [Brunauer−Emmett−Teller (BET), ASAP
2020 Plus]. The carbonized sample’s graphitization degree was
analyzed using Raman spectroscopy (Thermo Scientific DXR3xi).
The valence states and elemental proportions were determined using
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha
X) and inductively coupled plasma optical emission spectrometry
(ICP−OES, PE Avio 200). Electronic conductivity of the sample is
made by the four-point probe method.

2.3. Electrochemical Measurement. The manufacturing of the
active pole piece is by mixing the active material, acetylene black, and
polyvinylidene fluoride under the mass ratio of 8:1:1 and then
dropping N-methylpyrrolidone as a sol. After fully ground and mixed,
the slurry is evenly coated on the aluminum foil. In addition, the
aluminum foil is transferred to the vacuum drying oven at 80 °C for
12 h. After drying, it is cut into a circular pole sheet with a diameter of
12 mm, and the active material loading of the pole sheet is
approximately 2.0 mg cm−1. The CR2032 button half-cell assembly in
the glovebox is full of high-purity argon gas after the completion of
the assembly stands for 12 h. On the LAND battery test system
(CT2100A), the half battery is subjected to a constant current charge
and discharge (GCD) test. Cyclic voltammetry (CV) curves and
electrochemical impedance spectroscopy (EIS) were determined by a
CHI760E electrochemical workstation. The full battery is assembled
with hard carbon as the anode material and NVPF−Fe0.06 as the
cathode material. Hard carbon was obtained by assembling a half-cell
battery with sodium as the counterelectrode at a current density of 30
mA g−1 after 3 charge and discharge cycles.

3. RESULTS AND DISCUSSION
Figure 1 shows the NVPF−Fex sample preparation process.
Oxalic acid and V2O5 are added to the beaker. Oxalic acid not
only provides an acidic and reducing environment but also acts
as a carbon source, which is wrapped on NVPF−Fex to form
an amorphous carbon layer. Next, NH4H2PO4, NaF, and
Fe(NO3)3·6H2O are added as a phosphorus source, sodium

source, and iron source, respectively. After the water
evaporates, the dark green gel is obtained. The sample is
then calcined in a tubular furnace to obtain NVPF−Fex.
The XRD pattern of each sample of NVPF−Fex is shown in

Figure 2a. The samples obtained are highly crystalline with all
diffraction peaks typical of NASICON monoclinic crystals in
space group C2/c, as reported in the literature.36,37 In addition,
no additional impurity peak is detected with the increase of
Fe3+ doping, indicating that Fe3+ doping does not alter the
crystal structure of NVPF. From the locally enlarged XRD
pattern in Figure 2b, it is evident that the crystal diffraction
peak has shifted toward a higher 2θ angle, because the ionic
radius of Fe3+(0.64 A) is smaller than that of V3+(0.74 A). The
XPS analysis in Figure 2c reveals that the V 2p1/2 and V 2p3/2
peaks are observed at binding energies of 523.7 and 516.2 eV,
respectively, indicating the presence of vanadium in the +3
oxidation state.34 In Figure 2d, two peaks at 724.4 and 711.6
eV were observed in the NVPF−Fe0.06 sample, corresponding
to Fe 2p1/2 and Fe 2p3/2, respectively, revealing successful
doping of Fe3+ into the NVPF−Fe0.06 sample.38 This result
demonstrates that minor Fe doping has little effect on the
chemical valence state of V. In addition, Na 1s, F 1s, O 1s, C
1s, and P 2p were detected in the full spectrum of XPS in
NVPF−Fe0.06 samples (Figure S1 of the Supporting
Information). The Raman spectra exhibit two distinct peaks
at wavenumbers of 1341 and 1587 cm−1, corresponding to the
D peak (defect induced) and G peak (crystalline graphite)
(Figure S2 of the Supporting Information). The intensity ratios
ID/IG of NVPF−Fex (x = 0, 0.04, 0.06, and 0.08), are 1.12,
1.11, 1.17, and 1.15, respectively. The similar ID/IG value
simply indicates that the Fe doping has no significant impact
on the graphitization degree of the carbon layers. Moreover,
the high ID/IG values reveal that carbon is amorphous in
nature.39 Tables S1 and S2 of the Supporting Information
show the theoretical Na/V ratios of Fe doping at the V site and
Fe doping at the Na site, respectively. Actual ICP measurement
results are shown in Table S3 of the Supporting Information.
The comparison of the Na/V ratio trends for different doping
sites is displayed in Figure 2e. It is found that the Na/V ratio
trend from ICP is consistent with the theoretical value of Na/V
ratio (Fe3+ is doped on the V site).40 The V and Fe contents of
NVPF−Fe0.06 sample were measured by ICP−OES, and the
results were in general agreement with the set values of
0.936:0.064 and 0.94:0.06.
The morphology and microstructure of the NVPF−Fex

samples were observed by SEM and HR-TEM. Panels a−d
of Figure 3 show that NVPF samples are irregularly distributed
and agglomerated. On the contrary, an irregular porous
structure was formed on the surface of NVPF−Fe0.06, allowing
for increased Na+ transport channels. The pore morphology
and size of NVPF−Fe0.06 were characterized by analyzing the
nitrogen adsorption and desorption isotherms. As shown in
Figure S3 of the Supporting Information, the isotherm curve
belongs to the typical class IV Langmuir isotherm with obvious
hysteresis and pore size between 19.2 and 31.8 nm, indicating
that it belongs to mesoporous materials. A trace amount of
pores is generated on the surface of NVPF−Fe0.04, while the
pores on the surface of NVPF−Fe0.08 completely disappear, as
shown in Figure S4 of the Supporting Information. The
mapping image (Figure 3e) demonstrates the uniform
distribution of the Na, V, Fe, P, O, F, and C elements in the
NVPF−Fe0.06 sample. The HR-TEM image in panels f and g of
Figure 3 reveals that the surface of NVPF−Fe0.06 is coated with

Figure 3. SEM images of (a and b) NVPF/C and (c and d) NVPF−
Fe0.06. (e) EDS mapping image of NVPF−Fe0.06. (f and g) TEM
images of NVPF−Fe0.06.
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a 2−3 nm thick layer of amorphous carbon, and the uniform
distribution of this carbon layer facilitates enhanced electron
transport speed. The crystal spacing is 0.42 nm, corresponding
to the (120) crystal face of the NVPF−Fe0.06 sample.41
The electrochemical properties of NVPF−Fex (x = 0, 0.04,

0.06, and 0.08) were studied by assembling CR2032 half cells.
Figure 4a illustrates the GCD test at 0.2 C within a voltage
range of 2.5−4.0 V. All samples exhibited a broad charge/
discharge plateau around 3.4 V, corresponding to a reversible
redox reaction of V3+/V4+.41 The discharge curves of all of the
samples showed a voltage step phenomenon; it arises due to an
in situ passivation layer formed on the sodium counter-
electrode caused by solvent [ethylene carbonate (EC)/
dimethyl carbonate (DMC)] interactions that produce surface
species, which form and dissolve during each cycle. However,
when diethylene glycol dimethyl ether (DIGLYME) is used as
the solvent, no second discharge platform appears (Figure S5a
of the Supporting Information). For the electrolyte with
DIGLYME as the solvent, the voltage curve of 10 cycles at 0.2
C is shown in Figure S5b of the Supporting Information, and
the second voltage platform does not appear. Therefore, it can
be considered that the reason for the formation of the second
discharge platform is the in situ passivation layer formed by the
EC/DMC solvent on the sodium electrode, which has nothing
to do with the properties of the material itself.43,44 The specific

capacity of NVPF−Fe0.06 was 133.8 mAh g−1, significantly
surpassing that of NVPF/C, NVPF−Fe0.04, and NVPF−Fe0.08
at 112.1, 129.9, and 112.6 mAh g−1 respectively. After 100
cycles, NVPF−Fe0.06 exhibited the highest capacity retention of
94.5%, whereas NVPF/C achieved only 82.0% (Figure 4b).
From the selected GCD curves, NVPF−Fe0.06 exhibits high
voltage as well as high capacity retention after 100 cycles
(Figure 4c). Figure 4d shows the rate performance of NVPF−
Fex at 1, 2, 3, 5, and 10 C, respectively. NVPF−Fe0.06 exhibits
excellent reversible capacities of 119.9, 117.5, 115.4, 113.2, and
108.4 mAh g−1 at different rates at 1, 2, 3, 5, and 10 C and
quickly recovers to 116.7 mAh g−1 when returning to 1 C. At
the same time, NVPF/C has a lower reversible discharge
capacity of only 72.3 mAh g−1 at 10 C. As shown in Figure S6
of the Supporting Information, the GCD curves of NVPF−
Fe0.06 at different rates have a better overlap compared to
NVPF/C, which exhibits a smaller polarization tendency and
high capacity retention. As shown in Figure S7 of the
Supporting Information, even at 15, 20, and 25 C, the specific
discharge capacity of x = 0.06 is the highest at 107.8, 103.3,
and 98.3 mAh g−1 compared to x = 0.04 and 0.08. Additionally,
to investigate the long-cycle stability of the material, the results
after 1000 cycles at 5 C are shown in Figure 4e. NVPF−Fe0.06
still exhibits a favorable discharge capacity of 117.2 mAh g−1,
with a capacity retention of 86.2%, and maintains a coulombic

Figure 4. Electrochemical performances of NVPF−Fex. (a) Initial GCD curves. (b) Cyclic and (c) voltage curves through different charge and
discharge cycles. (d) Rate performance. (e) Long cycle stability of NVPF−Fex (x = 0, 0.04, 0.06, and 0.08) at 5 C for 1000 cycles.
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efficiency of approximately 100%. NVPF−Fe0.04 and NVPF−
Fe0.08 have capacity retention of 72.5 and 24.5%, respectively.
However, the capacity of NVPF/C has decreased to 0 at about
500 cycles, owing to the structural instability and poor
reversibility of NVPF/C. The NVPF−Fe0.06 cathode material
was XRD-tested by detachment after 1000 cycles at 5 C. The
results are shown in Figure S8 of the Supporting Information,
after a long time of cycling, and the peak shape and intensity of
NVPF−Fe0.06 remain largely unchanged, suggesting that the

doping of Fe3+ can effectively improve the structural stability of
the material.35 The outstanding electrochemical performance
of NVPF−Fe0.06 can be attributed to the doping of Fe3+ at an
appropriate concentration, which enhances the crystal
structure stability of the material and facilitates an efficient
and stable Na+ shuttle through the structure.45 Additionally,
the material is coated with a highly conductive carbon layer
and formed a porous structure, significantly expanding the
transmission path of Na+, leading to an enhanced internal
electronic conductivity of the material. Moreover, the
conductivity of NVPF−Fe0.06 was determined to range from
1.4 × 10−3 to 8.2 × 10−3 S cm−1 using the four-point probe
method (Figure S9 of the Supporting Information). The
electronic conductivity of the material has achieved a higher
value compared to the previously reported range of 3.9−6.2 ×
10−12 S cm−1.22

To study the effect of Fe3+ doping on the dynamic properties
of NVPF, CV tests were conducted at a scanning rate of 0.1
mV s−1 in the voltage range of 2.5−4.0 V, and the results were
shown in Figure S10 of the Supporting Information. Both
NVPF/C and NVPF−Fe0.06 electrodes exhibit a pair of
characteristic peaks around 3.4 V, coinciding with the
charge/discharge platform position on the GCD curve,
representing to the V3+/V4+ redox pair. The mechanism of
the de-embedding reaction of Na+ can be described as follows:
NaVPO4F ↔ Na1−xVPO4F + xNa+ + xe−, where 0 < x ≤ 1.41

The peak potential difference of 0.16 V for NVPF−Fe0.06 is
significantly lower than that of 0.29 V for NVPF/C. The peak
shape of the redox peak is also sharper, suggesting that NVPF−
Fe0.06 is less electrochemically polarized and more electro-
chemically reversible, resulting in faster Na+ de-embedding
kinetics.46 In addition, a cleavage phenomenon was observed at
the reduction peak around 3.4 V, and it could be attributed to
the transfer of Na+ from the Na(1) site to the Na(2) site due
to the localized temperature increase during the charging and
discharging process.47−49

Figure 5. (a) Different scanning rates CV of NVPF−Fe0.06 samples. (b) Linear fittings of log(i, peak current) versus log(v, scan rate). (c)
Pseudocapacitive contribution of NVPF−Fe0.06 at various scan rates. (d) Voltage profile during GITT for the NVPF−Fe0.06 sample. (e) Apparent
diffusion coefficients of Na+ from the GITT profiles. (f) Nyquist plot of NVPF−Fex.

Figure 6. (a) Charge−discharge curves of the NVPF−Fe0.06 battery in
the first cycles at 0.2 C. (b) In situ EIS profile. (c) Ex situ XRD profile.
(d) XRD curves in partially selected areas.
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To further clarify the reasons for the improvement of the
electrochemical performance after Fe3+, the multi-sweep CV
study on the kinetic characteristics of NVPF−Fe0.06 was
conducted, as shown in Figure 5a. In general, the peak current
and sweep speed satisfy the following relation:50

=i avb (1)

To further evaluate the contribution of diffusion control and
capacitance control at different scan rates, eq 1 can be divided
into

= +i v k v k v( ) 1 1
1/2 (2)

k1v and k1v1/2 account for the capacitive and diffusive
behaviors, respectively. The capacitive behavior of the material
reflects the multiplicative performance of the material, while
the diffusive behavior reflects the cyclic performance of the
material. The values of a and b depend upon the type of
capacity contribution, and the values of b shown by Figure 5b
are 0.56 and 0.76, indicating that both capacitive and diffusive
behaviors are present in NVPF−Fe0.06. At a scan rate of 1.0 mV
s−1, the contribution of NVPF−Fe0.06 to the overall capacitance
behavior of 94% is significantly higher than that of NVPF/C
(68%), as shown in Figure 5c and Figure S11 of the Supporting
Information. Figure S12 of the Supporting Information shows
DNa+ of the sample obtained according to the calculation
results, and the DNa+ values of NVPF/C and NVPF−Fe0.06 are
4.76 × 10−10 and 1.15 × 10−8 cm2 s−1, respectively.51,52 The
findings indicate that Fe3+ doping significantly enhances the
capacitive behavior of NVPF, resulting in an outstanding rate
performance. The apparent Na+ diffusion coefficient of
NVPF−Fe0.06 was further determined by the constant current
titration technique (GITT), as shown in the calculation
procedure and the voltage profiles (Figure 5d and Figure S13
of the Supporting Information). NVPF−Fe0.06 exhibits faster

transfer kinetics of DNa+ (10−9.2−10−11.7 cm2 s−1) compared to
that of NVPF/C (10−9.3−10−13.1 cm2 s−1). Furthermore, as
shown in Figure 5f and Table S4 of the Supporting
Information, NVPF−Fe0.06 exhibits a lower charge transfer
resistance (Rct) compared to NVPF/C (385.6 Ω versus 1057.3
Ω), providing further evidence of the exceptional electronic
conductivity and enhanced Na+ transport speed of NVPF−
Fe0.06.
The electrode behavior during charging and discharging was

further investigated using in situ EIS and ex situ XRD. Figure 6a
illustrates the first cycle charge and discharge curves of the
NVPF−Fe0.06 electrode. As depicted in Figure 6b, at an open
circuit potential, the Rct value is 430.4 Ω. Throughout the
charging process, the semicircle diameter of the high-frequency
region continuously decreases, reaching a value of 63.2 Ω at a
charge of 4 V, which may be attributed to Na+ extraction of
NaVPO4F → Na1−xVPO4F + xNa+ + xe−. Subsequently, upon
entering the discharge stage and with the embedding of Na+,
the Rct value began to rise continuously until it reached 432.8
Ω at a voltage of 2.5 V, corresponding to the reaction
Na1−xVPO4F + xNa+ + xe− → NaVPO4F. In addition, ex situ
XRD tests were performed on the cells to investigate the
possible structural evolution of NVPF−Fe0.06 during the
charging and discharging processes. Figure 6c shows the first
cycle ex situ XRD pattern of NVPF−Fe0.06 at 0.2 C. All
diffraction peaks in the XRD pattern are consistent with Figure
2a, which belongs to the monoclinic crystal system. The
changes in the diffraction peaks of (111) and (013) were
chosen to probe the structural evolution during cycling (Figure
6d). With the process of charging, the diffraction peaks of
19.7° and 23.4° gradually weaken, and the diffraction peaks
shift toward a higher angle, which may be due to the lattice
shrinkage caused by the departure of Na+. When the battery
was charged to the maximum voltage of 4 V, the intensity and
position of the peak did not change significantly, indicating

Figure 7. (a) Schematic illustration of the HC//NVPF−Fe0.06 full cell. (b) GCD curves at 0.2 C. (c) Rate capabilities from 1 to 10 C. (d) Cyclic
performance. (e) Comparison of electrochemical properties to recent literature results. (f) Digital photos of LED bulbs powered by a full cell.
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that a stable intermediate Na1−xVPO4F was obtained when
Na+ was removed. In the process of discharge, due to the
lattice expansion caused by the insertion of Na+, the diffraction
peak moves to a lower angle. At the end of the discharge, the
crystal structure changes back to the original monoclinic
NaVPO4F phase, indicating that the sodium ion embedding
and de-embedding reaction is reversible.53

To verify the practicality of the NVPF−Fe0.06 cathode
material, the full cell was assembled as shown in Figure 7a. In
addition, HC and sodium metal assembled into a battery
showed representative electrochemical performance (Figure
S14 of the Supporting Information). Figure 7b shows the GCD
curve of HC//NVPF−Fe0.06 at 0.2 C. A clear charge/discharge
platform is observed at approximately 3.4 V, corresponding
with the findings of the half-cell experiment. The initial
discharge capacity was 127.0 mAh g−1, which remained high
capacity of 122.1 mAh g−1 after 50 cycles (Figure S15 of the
Supporting Information). In addition, HC//NVPF−Fe0.06
showed high specific discharge capacities of 124.9, 118.5,
111.6, 105.1, and 97.3 mAh g−1 at 1, 2, 3, 5, and 10 C,
respectively (Figure 7c). Even at 5 C, the discharge specific
capacity of HC//NVPF−Fe0.06 was 112.1 mAh g−1, and the
capacity retention after 300 cycles is 87.5% (Figure 7d). In
comparison to the currently reported NVPF materials, the full
cell has advantages in terms of electrochemical performance
(Figure 7e).29,42,54,55 At the same time, Figure 7f shows that
the HC//NVPF−Fe0.06 full battery lights up the light-emitting
diode (LED) bulb, indicating that the NVPF−Fe0.06 cathode
material has a great practical application value.

4. CONCLUSION
In summary, NaV1−xFexPO4F/C (x = 0, 0.04, 0.06, and 0.08)
cathode materials were successfully prepared by the sol−gel
method. In addition, the obtained NVPF−Fe0.06 cathode
materials exhibit excellent electrochemical performance.
NVPF−Fe0.06 has a discharge specific capacity of 133.8 mAh
g−1 at 0.2 C, and a capacity retention of 94.5% after 100 cycles,
which also maintains a high capacity of 98.3 mAh g−1 at 25 C.
More importantly, the specific discharge capacity of assembled
HC//NVPF−Fe0.06 full cell reached 112.1 mAh g−1 at 5 C.
NVPF−Fe0.06 is encapsulated by a uniformly distributed
carbon layer, forming an irregular porous structure on the
material’s surface. This effectively increases the diffusion
channel of Na+ and results in an electronic conductivity of
1.4−8.2 × 10−3 S cm−1, significantly improving Na+ transport
kinetics. Moreover, Fe3+ can strongly increase the structural
stability of NVPF, which makes the structural evolution of
NVPF highly reversible during the charging and discharging
process, as observed by ex situ XRD and in situ EIS. The
straightforward and cost-effective approach can efficiently
fabricate high energy density cathode materials for SIBs.
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