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摘要 

I 

 

摘  要 

 

氟代磷酸盐正极材料 Na2MPO4F ( M= Fe, Mn ) 在锂/钠离子电池体系中有着

广泛的应用前景。对其材料结构及充放电机理进行研究可以帮助我们了解其充放

电过程，从而优化合成方法提高其电化学性能。固体核磁共振（Solid State Nuclear 

Magnetic Resonance, SS NMR）技术可用于探测固体材料中目标原子核周围的局

部化学环境，是一种有效的研究短程结构的表征手段。本论文通过固体核磁共振

技术（SS NMR）结合 X 射线衍射表征技术（XRD）对 Na2MPO4F(M= Fe,Mn) 材

料及其充放电过程进行了详细的研究。 

通过非原位 XRD 和 23
Na MAS NMR 谱研究了 Na2MnPO4F 材料充放电过程

晶体结构和局域 Na 位的变化。非原位 XRD 测试发现充电过程中在 2θ 为 31° 和

36° 左右出现新的衍射峰，表明钠脱出后，电极上有中间相物质生成。23
Na MAS 

NMR 谱图中 -209 ppm，-258 ppm 和 -295 ppm 三个谱峰分别对应于该材料中

Na1+Na2 位、Na3 位和 Na4 位。非原位 23
Na MAS NMR 谱研究发现充电前期，

-209 ppm 处谱峰面积比例减小，表明 Na1 和 Na2 位的 Na 相比于 Na3 和 Na4 位

先脱出。充电至 4.2 V 时，在 -132 ppm 和 -330 ppm 处观测到中间相物质的信号

峰；而放电过程则相反。  

对 Na2FePO4F 材料进行 23
Na MAS NMR 及 23

Na-
23

Na EXSY 二维谱测试，得

到与材料晶相结构对应的Na1和Na2位的谱峰位置分别为 -188 ppm和443 ppm。

对中间相 Na1.5FePO4F 和 NaFePO4F 中 Na 的含量进行测定，发现充电前期主要

是 Na2 位 Na 的脱出，随着充电过程的进行，Na1 位的 Na 含量逐渐减少，而 Na2

位相对变化则较小。比较化学脱钠与电化学脱钠过程，发现电化学脱钠过程中

Na 位受到 Fe 价态和晶胞参数变化及缺陷位点影响，使得 Na 位局域化学环境变

得复杂，出现较多谱峰。相比而言，化学脱钠过程则达到热力学稳定状态，得到

的中间相结构谱峰较少。 

Na2FePO4F 材料在混合锂离子电池中会发生 Li/Na 交换，通过 23
Na、 

7
Li 和

19
F MAS NMR 谱对在 LD120 电解液中浸泡的样品进行研究，确定了 Li/Na 交换

的数目，并检测到 LiF 的生成。将 Na2FePO4F 在 LiBr 中进行 Li/Na 交换得到

Li1.2Na0.8FePO4F 材料，发现该材料在电解液中仍会发生 Li/Na 交换。对其自旋晶
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格弛豫时间 T1 进行测定，发现有化学交换或交叉弛豫现象存在，表明

Li1.2Na0.8FePO4F 材料表面 SEI 层中 LiF 与材料中 Li 位有交叉弛豫，进一步证明

在 Li/Na 交换过程中有 SEI 层生成。 对其充放循环不同充电态进行 7
Li MAS 

NMR 谱测试，结果表明随着充放电循环次数增加，原有的两个 Li
+
 的嵌脱位减

少为一个，即 Li
+ 的嵌脱过程仅会发生在更稳定的锂嵌脱位中。 

 

关键词： 锂离子电池；钠离子电池；正极材料；Na2MnPO4F；Na2FePO4F；固

体 NMR 
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Abstract 

 

Polyanion-type fluorophosphates Na2MPO4F ( M= Fe, Mn ) are promising 

cathode materials for Lithium/Sodium ion batteries. To optimize the synthetic method 

and improve the electrochemical performance, studying the structure of materials and 

the charge-discharge mechanism is quite essential. Solid state NMR can probe the 

local chemical environment of the nucleus in solid materials, being a useful 

characterization tool for studying the local structure informations. In this thesis, solid 

state NMR technique and XRD pattern are applied to study the charge-discharge 

mechanism of Na2MPO4F ( M = Fe, Mn ). 

We employed the ex situ x-ray diffraction and solid state NMR techniques to 

study the charge and discharge process of Na2MnPO4F, including the crystal structure 

and sodium sites changes. Ex situ x-ray diffraction pattern shows that two new 

diffraction peaks are observed at 31° and 36° indicating that there’s intermediate 

phases formed with the extraction of Na
+
. Three peaks -209 ppm，-258 ppm and -295 

ppm are observed in 
23

Na MAS NMR spectra, which can be assigned to Na1+Na2, 

Na3 and Na4 site in the crystal structrue, respectively. The ex situ solid state NMR 

study demonstrates that the Na
+
 in Na1 and Na2 sites deintercalated first compared to 

Na3 and Na4 sites. The signal peaks of intermediate phase appeared at -132 ppm and 

-330 ppm when charged to 4.2 V. The opposite phenomenon occurred during the 

discharge process. 

The crystallographic structure and sodium sites of Na2FePO4F were also studied 

by 
23

Na MAS NMR spectra. The isotropic peaks appeared at -188 ppm and 443 ppm 

in the 
23

Na MAS NMR spectra can be assigned to Na1 and Na2 site respectively. The 

sodium content of intermediate phase Na1.5FePO4F and NaFePO4F were quantified by 

23
Na MAS NMR spectra. The results show that the Na

+
 in Na2 site deintercalated first 

during the early stage of charge process. Then the Na
+ 

content in Na1 site decreased 

while the Na2 site had smaller change. Comparing the chemical and electrochemical 

desodiation process, peaks for electrochemical desodiation phase were more complex. 
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During the electrochemical desodiation process, the local chemical environment of Na 

were influenced by the viriation of Fe valance and the lattice parameters. In contrast, 

the peaks for chemical desodiation phase were simple for the thermodynamic 

stabilized state. 

Li/Na exchange occurred in hybrid lithium ion battery system. From the 
23

Na、 

7
Li and 

19
F MAS NMR spectra of the sample after soaked in LD120 electrolyte, we 

confirmed the number of Na exchanged in electrolyte and detected the generation of 

LiF. Li1.2Na0.8FePO4F material was obtained from exchanging Na2FePO4F with LiBr, 

and also this material exchanged alkali metal ions with LD120 electrolyte. The T1 

measurement revealed that there are chemical exchange or cross relaxation in 

Li1.2Na0.8FePO4F. 
7
Li MAS NMR spectra of different charge state during cycling 

suggests that Li
+
 would (de)intercalate in a more stable position with the increase of 

charge-discharge cycles. 

 

 

Keywords: Lithium ion battery; Sodium ion battery; Cathode material; Na2MnPO4F; 

Na2FePO4F; Solid state NMR
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