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Abstract: The phosphate polyanionic NasFes;(PO.).(P.07) cathode material stands out among many
sodium ion battery cathode materials due to its stable structure, high safety and excellent sodium storage
performance. However, the unsatisfactory conductivity and energy density limit its application. In this
paper, the NasFe3(PO,)2(P-07) cathode material is doped with B element. The small-sized BOs;*doping
replaces the PO4*in the NFPP material will cause local lattice shrinkage, which can buffer the volume
change during charging and discharging. The stability of the three-dimensional framework is optimized,
thereby improving the electrochemical performance of the material. The results show that the
appropriate amount of B doping can improve the reversible specific capacity of NasFe3(PO4)2(P207)
material, and improve the rate performance and cycle performance of the material. The NFPP-B0.05/C
material has the best electrochemical performance, and the discharge specific capacity reaches 100.9
mAh g at 0.2 C. At an ultra-high rate of 20 C, the discharge specific capacity of 84.1 mAh g is still
maintained, and the capacity retention rate is 92.6% after 1000 cycles at a high rate of 5 C.
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1. Introduction

Olivine-type LiFePOs has been widely used in lithium-ion batteries. Iron-based polyanion
compounds have become a research hotspot of cathode materials for sodium ion batteries due to their
low cost, excellent structural stability and high safetyf!]. Olivine-type NaFePO, has a high reversible
capacity of 142 mAh g and an average discharge voltage of 2.8 V2. However, unlike LiFePQy, olivine-
type NaFePQ, cannot be directly prepared by traditional solid-state routes, but can only be prepared by
chemical / electrochemical sodium ion insertion into heterogeneous FePO4 or ion exchange routes, which
will greatly increase production costst®!. In addition, due to the large volume change of up to 17.58 %
during the charge-discharge process, the olivine-type NaFePO, material exhibits poor cycle stability,
which limits its practical application*. Although the NaFePO, material can be synthesized by the
traditional solid phase method, the lack of effective sodium ion migration channels in its crystal structure
limits the electrochemical performance and makes it difficult to meet the application requirements of
sodium ion batteries®l. As a derivative of NaFePO4, Na,FeP,O; material can be directly synthesized by
solid state method. It has a long cycle life and excellent structural stability because the volume change is
only 2.6 % during the charge and discharge process(®l. However, this cathode material can only undergo
one-electron reaction, so its theoretical capacity is low, only 97 mAh g{78l,

The NasFes3(PO4)2(P2.07) (NFPP) cathode material is composed of NaFePO, and NaFeP,O- in a
molar ratio of 1:2. The crystal structure belongs to the orthorhombic system, and the space group is Pn21a
111 The material has the advantages of both NaFePO, and NayFeP,O;, and the theoretical specific
capacity is as high as 129 mAh g* at an average operating voltage of 3.1 V [!2, NFPP is composed of
FeOs octahedron, PO, tetrahedron and P.O; double tetrahedron (pyrophosphate). The crystal structure is
shown in Figure 1. Among them, PO4 and P,O form a cross-linked three-dimensional channel through
a rigid channel constructed by oxygen atoms. Sodium ions can migrate in multiple directions and
significantly reduce the diffusion resistancel**4. In addition, the PO,* and P,O-* dimers in the crystal
structure can reduce rotation and distortion, and the volume change of sodium ions during the extraction
and insertion process is small, which improves the cycle life of the material(*>16], At the same time, the
material realizes the reversible deintercalation of sodium ions in the three-dimensional sodium ion
transport channel through the Fe?*/ Fe3* redox reactionl*’l, However, the insulation and steric hindrance
of the PO,* group lead to low electronic conductivity, which restricts its electrochemical
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performancel*819],

To solve this problem, the construction of high conductive matrix is an effective strategy to improve
the electrochemical performance of NFPP cathode materials. Wang[ et al. prepared NasFe;osAlo o4
(PO4)2(P207)/C composite cathode material by aluminum doping. Studies have shown that by slightly
replacing the Fe?* sites of NFPP with AI**, Fe defects are introduced into the structure, which not only
inhibits the formation of NaFePO, impurity phase, but also significantly enhances the sodium ion
diffusion rate and electronic conductivity Cao?! et al. prepared NasFe3(PO4)2(P207) nanospheres with
multi-walled carbon nanotubes (MCNTSs) as the substrate by spray drying method. This material not only
exhibits high electronic conductivity, but also effectively alleviates the structural stress during charging
and discharging. Li?? et al.prepared a high-performance NasFez7Mng3(PO4)2(P207)/rGO composite
cathode material by partially replacing Fe** with Mn?* and combining the double modification method
of graphene coating modification. Studies have shown that this modification method not only effectively
reduces the diffusion energy barrier of sodium ions, but also reduces the band gap of the material, thereby
synergistically enhancing the transmission rate and electronic conductivity of sodium ions.

Although these methods are effective, their complex preparation process and high cost limit large-
scale commercial applications. In this paper, NFPP-B cathode materials were prepared by doping with
different boron contents by a simple high temperature solid phase method. It is found that the
isoelectronic substitution of PO,* by small-sized BO3* leads to a local lattice shrinkage effect, which not
only effectively alleviates the volume change caused by the deintercalation of sodium ions, but also
enhances the stability of the three-dimensional framework, thereby significantly improving the
electrochemical performance of the material?®l, Since the electronegativity of borate (2.04) is lower than
that of phosphate (2.19), the addition of BO3* effectively reduces the electron binding energy of Fe?* /
Fe3* and reduces the lattice distortion during the redox reaction, thus significantly improving the
structural stability of NFPP materials.

An appropriate amount of B doping can improve the reversible specific capacity of NFPP materials,
and can also improve the rate performance and cycle performance of the materials. The electrochemical
test results show that the NFPP-B0.05 / C material has the best electrochemical performance. The first
discharge specific capacity reaches 100.9 mAh g at 0.2 C. At an ultra-high rate of 20 C, the discharge
specific capacity of 84.1 mAh g is still maintained, and the capacity retention rate of 1000 cycles at a
high rate of 5 C is 92.6 %. In addition, B doping can also reduce the interface impedance and optimize
the sodium ion transmission channel of NFPP material, and improve the ionic conductivity of the material.

2. Experiment Content

2.1 Sample Preparation

Figure 1 The crystal structure diagram of undoped NFPP cathode material and boron doped NFPP
cathode material.

NasFes(PO4)2x(P207)(BOs)x (NFPP-B) samples were prepared by high temperature solid-state
method. Firstly, NasP207 (2 mmol), FeC,04 (6 mmol, NH4H2PO4 (2-x mmol), H3BO3 (x mmol) and citric
acid were added to the agate jar in turn, and an appropriate amount of anhydrous ethanol was added as a
dispersant. The weight ratio of the material to the agate ball was 1:6. After ball milling for 3 h, the mixture
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was placed in a vacuum drying oven at 80 <C for 8 h. Finally, in an argon atmosphere, the mixture was
pretreated at 300 <T for 3 h, and then annealed at 550 <C for 10 h. The heating rate was 5 T min™. It is
advisable to keep all the given values. In this paper, NasFes(PO4)2(P207)/C (NFPP/C), NasFes(POq)
1.975(P207)(BO3)0.025/C (NFPP-B0.025/C), NasFes(PO.)1.95(P207)(BO3)o.0s/C (NFPP-B0.05/C), NasFes
(PO4)1.925(P207)(BOs3) 0.075/C (NFPP-B0.075/C) were prepared by controlling the stoichiometric ratio of
NH4H2PO,4 and H3BO3. The crystal structure before and after doping is shown in Figure 1.

2.2 Material Characterization

The crystal structure of the cathode material powder sample was studied by powder X-ray diffraction
(XRD) analysis using a Bruker D8 Advance diffractometer. The microstructure and morphology of the
samples were analyzed by scanning electron microscopy (SEM) of the SUPRA 55 sapphire model. The
distribution of elements in the samples was observed by X-ray energy dispersive spectrometer (EDS).

2.3 Electrochemical Test

The active material (70 wt %), conductive carbon black (20 wt %) and polyvinylidene fluoride (PVDF,
10 wt %) were fully mixed and added to the above mixture with n-methyl-2-pyrrolidone (NMP) as
solvent to prepare slurry. The slurry was evenly coated on the surface of the aluminum foil with a scraper,
and then the electrode was dried in a vacuum oven at 80 <C for 12 h. After the electrode was dried, the
electrode was punched into the required size. The button battery was assembled in a glove box filled with
argon, and the assembled battery was tested after standing for 6-12 h at room temperature. The NEWARE
system was used to test the charge and discharge performance of the battery under the voltage window
of 1.5 ~ 4.5 V. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were
performed using an electrochemical workstation (Shanghai Chenhua CHI760E).

3. Result and Discussion

In order to determine the composition and crystal structure of the prepared samples, the materials
were tested by XRD. Figure.2 shows the powder XRD patterns of NFPP/C, NFPP-B0.025/C, NFPP-
B0.05/C and NFPP-B0.075/C after calcination at 550 <C for 10 h. Through the analysis of XRD patterns
by Highscore, it is found that the diffraction points of all samples are orthorhombic. It can be seen from
the figure that the diffraction peaks of NFPP/C, NFPP-B0.025/C and NFPP-B0.05/C all correspond to
the standard card PDF # 92-023-6316 one by one, and no other diffraction peaks are observed, indicating
that these two samples have high purity and no other impurity phases appear, which indicates that the
appropriate amount of B element doping does not destroy the crystal structure of NFPP materials. Among
them, the NFPP-B0.05/C sample has the highest diffraction peak intensity and good crystallinity.
However, the peak intensity of the NFPP-B0.075/C sample is very low, which may be due to excessive
B doping interferes with the crystal growth of the NFPP material. The disordering of the lattice
arrangement reduces the crystallinity of the material, and the amorphous region cannot produce sharp
diffraction peaks, resulting in a decrease in the intensity of the main peak.
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Figure 2 XRD patterns of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C, and NFPP-B0.075/C
The morphologies of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C were analyzed
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by SEM, as shown in Figure 3. The particles of the NFPP/C sample in Figure 3 (a) are densely arranged,
and there are large pores in the local area. Such unevenly distributed large pores may cause local
polarization. The NFPP-B0.025/C and NFPP-B0.05/C samples in Figure 3 (b) and (c) show irregular
granular structure with a small size of about 200 nm-600 nm. The overall distribution is uniform and
there is no obvious agglomeration. In addition, there is also a small pore structure, which is beneficial to
alleviate the volume expansion of the battery during charge and discharge and improve the cycle life of
the material. The size of NFPP-B0.075/C sample in Figure 3 (d) varies greatly, which may be caused by
lattice defects caused by excessive B doping.

Figure 3 SEM images of (2)NFPP/C, (b)NFPP-B0.025/C, (c)NFPP-B0.05/C, and (d)NFPP-B0.075/C

The distribution of various elements in NFPP-B0.05 / C samples was analyzed by energy dispersive
X-ray spectroscopy (EDS), as shown in Figure 4. It can be clearly seen from the diagram that Na, Fe, P,
O, B and C elements are evenly distributed in the NFPP-B0.05 / C sample.

Figure 4 EDS diagram of NFPP-B0.05/C sample: (a)SEM, (b)Na, (c) Fe, (d)P, (e)O, (B, (g)C

The electrochemical properties of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C
were analyzed by charge-discharge test, as shown in Figure 5. Figure 5 (a) is the rate performance of the
four samplesat 0.2 C,05C,1C,2C,5C, 10 C and 20 C, respectively. Figure 5 (b) is the first charge-
discharge curve of the four samples. It can be clearly seen from the diagram that the initial discharge
specific capacity of the NFPP-B0.05/C sample is the highest, which is 100.9 mAh g*. With the increase
of the rate, the specific capacity of the four samples shows different degrees of attenuation. Among them,
the NFPP-B0.05/C sample has the best rate performance in all samples. When the rate increases to 20 C,
the sample still maintains a discharge specific capacity of 84.1 mAh g. In contrast, the NFPP-B0.075/C
sample has the worst rate performance and the largest attenuation. This phenomenon may be due to the
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lattice distortion effect caused by excessive boron doping. This structural change significantly increases
the migration energy barrier of sodium ions. It can be seen from the first charge-discharge curves in
Figure 5 (b) that the double voltage platforms appear in the charge / discharge process of the four samples,
which are due to the step-by-step deintercalation of multi-sodium sites and the step-by-step redox
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Figure 5 The (a) rate performance and (b) charge-discharge curve at 0.2 C of NFPP/C, NFPP-
B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C samples
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Figure 6 The charge-discharge curves of (a) NFPP/C, (b) NFPP-B0.02/C, (c) NFPP-B0.05/C, and (d)

According to the test results of different rates, the charge and discharge behaviors of NFPP/C, NFPP-
B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C samples at different rates were analyzed, as shown in
Figure 6. It can be seen from the graph that all samples show a flat charge-discharge platform at low rates
(0.2 C ~ 1 C), indicating that the process of sodium ion extraction / insertion in the lattice is highly
reversible during charge-discharge. The charge-discharge platform of NFPP-B0.05/C sample is the
widest and flatest, indicating that the crystal structure stability of the sample is the best. At a high rate of
20 C, the discharge specific capacities of the four samples are 77.2 mAh g, 77.8 mAh g%, 84.1 mAh g
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NFPP-B0.075/C at different rates.
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Land 71.7 mAh g%, respectively. The NFPP-B0.05/C sample has the highest discharge specific capacity,
which indicates that an appropriate amount of B doping can improve the electronic conductivity and
sodium ion diffusion rate. In addition, the polarization voltage of NFPP-B0.05/C is the smallest among

the four samples, indicating that an appropriate amount of B element doping can reduce the sodium ion
migration energy barrier.

In addition, the cycling performance of NFPP / C and NFPP-B0.05 / C samples was analyzed after
1000 cycles at 5 C, as shown in Figure 7. It can be seen from the figure that the capacity of the NFPP/C
sample decays rapidly, from the initial 81.9 mAh g to 68.1 mAh g1, the capacity retention rate is only
74.5 %, and the average decay rate is 0.0255 %. The capacity decay of the NFPP-B0.05/C sample is
relatively slow, and the initial specific capacity is 88.6 mAh g. After 1000 cycles, the specific capacity
is still 82 mAh g2, the capacity retention rate is 92.6 %, and the average decay rate is only 0.0074 %. It
is verified again that an appropriate amount of B element doping can improve the cycle stability of NFPP
materials.
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Figure 8 CV curves of (a) NFPP/C, (b) NFPP-B0.02 /C, (c) NFPP-B0.05/C, and (d) NFPP-B0.075/C
at a scan rate of 0.2 mV s-1

In this chapter, the electrochemical properties of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C and
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NFPP-B0.075/C were tested by cyclic voltammetry. The test voltage range is 1.5 ~ 4.5 V, and the
scanning rate is 0.2 mV s, as shown in Figure 8. It can be seen from the figure that all the samples have
two pairs of sharp redox peaks, which also corresponds to the dual voltage platform of the first charge-
discharge curves of the four samples in Figure 6 (b), indicating that all the samples have good
electrochemical performance. In addition, NFPP-B0.025/C and NFPP-B0.05/C samples showed multiple
weak redox peaks in the range of 3.0-3.2 V, reflecting the step-by-step deintercalation process of sodium
ions at different lattice sites in the material.

In order to better understand the ion diffusion kinetics of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C
and NFPP-B0.075/C samples, electrochemical impedance spectroscopy was used to analyze the ion
diffusion kinetics of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C. As shown in figure
9, the insertion part in the figure is the equivalent circuit model. Figure 9 (a) is the Nyquist diagram of
four samples. It can be seen from the diagram that the Nyquist diagram of all samples consists of a
semicircle (high frequency region) and an oblique line (low frequency region), corresponding to charge
transfer resistance (Rct) and Warburg impedance (Zw), respectively. The Rct values of the four samples
were 605.65 Q,510.11 Q, 168.18 Q and 755.07 Q, respectively. The Rct value of NFPP-B0.05 / C sample
was much smaller than that of the other three samples, indicating that the charge transfer ability of the
sample was the best.
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Figure 9 Nyquist plots of NFPP/C, NFPP-B0.025/C, NFPP-B0.05/C and NFPP-B0.075/C
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4. Conclusions

In summary, the study of B element doping in NFPP cathode materials shows that the use of small-
sized BOs* doping instead of PO, in NFPP materials can effectively induce local lattice shrinkage. This
microstructure change is of great significance for improving the overall performance of the material.
Specifically, the local lattice shrinkage can significantly reduce the volume expansion problem caused
by the detachment and embedding of sodium ions during charge and discharge. This improvement not
only helps to optimize the stability of the three-dimensional framework, but also effectively alleviates
the volume change stress during the sodium ion deintercalation process, thereby enhancing the
electrochemical performance of the material. An appropriate amount of B doping can improve the
reversible specific capacity of NFPP materials, and can also improve the rate performance and cycle
performance of the materials. The electrochemical test results show that the NFPP-B0.05/C material has
the best electrochemical performance. The discharge specific capacity reaches 100.9 mAh g at 0.2 C.
At an ultra-high rate of 20 C, the discharge specific capacity of 84.1 mAh g is still maintained, and the
capacity retention rate is 92.6 % after 1000 cycles at a high rate of 5 C. In addition, it can also reduce the
interface impedance and optimize the sodium ion transport channel of the NFPP material to improve the
ionic conductivity of the material.
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