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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʉʨʝʜʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʭʠʤʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ ʣʠʪʠʡ-ʠʦʥʥʳʝ 

ʘʢʢʫʤʫʣʷʪʦʨʳ (ʃʀɸ) ʷʚʣʷʶʪʩʷ ʣʠʜʝʨʘʤʠ ʧʦ ʫʜʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʣʦ 

ʧʦʩʪʦʷʥʥʦʝ ʧʦʚʳʰʝʥʠʝ ʩʧʨʦʩʘ ʥʘ ʥʠʭ ʩ ʤʦʤʝʥʪʘ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ ʚ 1991 ʛʦʜʫ. ʆʩʥʦʚʥʘʷ 

ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʃʀɸ ï ʧʦʨʪʘʪʠʚʥʘ ̫ʵʣʝʢʪʨʦʥʠʢʘ, ʛʜʝ ʚʘʞʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʷʚʣʷʶʪʩʷ 

ʢʦʤʧʘʢʪʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʦʸʤʢʦʩʪʴ ʠ ʨʝʩʫʨʩ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʉ ʧʦʷʚʣʝʥʠʝʤ 

ʵʣʝʢʪʨʦʤʦʙʠʣʝʡ ʠ ʜʨʫʛʦʛʦ ʘʚʪʦʥʦʤʥʦʛʦ ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʘ ʩʧʨʦʩ ʥʘ ʃʀɸ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʚʦʟʨʦʩ. ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʜʦʣʷ ʣʠʪʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʠʥʜʫʩʪʨʠʠ ʃʀɸ, ʷʚʣʷʝʪʩʷ 

ʜʦʤʠʥʠʨʫʶʱʝʡ ʠ ʩʦʩʪʘʚʣʷʝʪ 46% ʦʪ ʦʙʱʝʛʦ ʤʠʨʦʚʦʛʦ ʧʦʪʨʝʙʣʝʥʠʷ [1]. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ 

ʵʣʝʢʪʨʦʥʠʢʠ ʠ ɻ ʣʝʢʪʨʦʪʝʭʥʠʢʠ ʩ ʚʳʩʦʢʠʤʠ ʵʥʝʨʛʦʟʘʪʨʘʪʘʤʠ ʧʨʠʚʝʜʸʪ ʢ ʝʱʸ ʙʦʣʴʰʝʤʫ 

ʧʦʪʨʝʙʣʝʥʠʶ ʣʠʪʠ,̫ ʠ, ʫʯʠʪʳʚʘʷ ʝʛʦ ʤʘʣʫʶ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʚ ʧʨʠʨʦʜʝ (ʤʠʨʦʚʳʝ ʟʘʧʘʩʳ 

ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 14 ʤʝʛʘʪʦʥʥ [1]), ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʮʝʥ ʥʘ ʝʛʦ ʠʩʪʦʯʥʠʢʠ ʠ ʩʚʷʟʘʥʥʦʝ ʩ 

ʵʪʠʤ ʧʦʚʳʰʝʥʠʝ ʩʪʦʠʤʦʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʜʦʨʦʛʦʚʠʟʥʫ ʠ ʪʦʢʩʠʯʥʦʩʪʴ 

ʢʦʙʘʣʴʪʘ, ʚʦ ʤʥʦʛʠʭ ʃʀɸ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦ ʧʨʝʞʥʝʤʫ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʢʩʠʜ 

ʢʦʙʘʣʴʪʘ(III )-ʣʠʪʠʷ LiCoO2. ʇʦʪʨʝʙʣʝʥʠʝ ʢʦʙʘʣʴʪʘ ʜʣʷ ʵʪʦʡ ʦʪʨʘʩʣʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ 

ʩʦʩʪʘʚʣʷʝʪ 50% ʦʪ ʦʙʱʠʭ ʤʠʨʦʚʳʭ ʟʘʪʨʘʪ [1]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʩʧʝʢʪʠʚʘ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʜʦʨʦʞʘʥʠ ̫ ʠ ʨʦʩʪ ʧʦʪʨʝʙʣʝʥʠʷ ʃʀɸ 

ʷʚʣʷʪʁʩʷ ʦʩʥʦʚʥʳʤ ʩʪʠʤʫʣʦʤ ʜʣʷ ʧʦʠʩʢʘ ʠ ʨʘʟʨʘʙʦʪʢʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ɺ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʦʙʨʘʱʝʥʦ ʢ ʥʘʪʨʠʡ-ʠʦʥʥʳʤ ʘʢʢʫʤʫʣʷʪʦʨʘʤ (ʅʀɸ), 

ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʨʝʟʢʦʤ ʨʦʩʪʝ ʢʦʣʠʯʝʩʪʚʘ ʧʫʙʣʠʢʘʮʠʡ ʠ ʧʘʪʝʥʪʦʚ ʧʦ ʜʘʥʥʦʡ ʪʝʤʘʪʠʢʝ [1]. ʇʦ 

ʧʨʠʥʮʠʧʫ ʨʘʙʦʪʳ ʅʀɸ ̫ʚʣʷʶʪʩʷ ʘʥʘʣʦʛʘʤʠ ʃʀɸ, ʧʨʠ ʵʪʦʤ ʚʩʝ ʣʠʪʠʡʩʦʜʝʨʞʘʱʠʝ ʢʦʤʧʦʥʝʥʪʳ 

ʚ ʥʠʭ ʟʘʤʝʥʝʥʳ ʥʘ ʥʘʪʨʠʡʩʦʜʝʨʞʘʱʠʝ. ɹʦʣʴʘh ̫ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʥʘʪʨʠʷ ʢʘʢ ʚ ʟʝʤʥʦʡ ʢʦʨʝ, 

ʪʘʢ ʠ ʚ ʚʦʜʘʭ ʤʠʨʦʚʦʛʦ ʦʢʝʘʥʘ, ʧʦʟʚʦʣʠʪ ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʵʣʝʢʪʨʦʣʠʪʦʚ [1].  

ʆʜʥʘʢʦ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʥʘʪʨʠʡ-ʠʦʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʝʱʸ ʜʘʣʝʢʘ ʦʪ ʰʠʨʦʢʦʛʦ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʤʝʥʴʰʝʡ ʫʜʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʴʶ 

ʵʥʝʨʛʠʠ ʠ ʤʦʱʥʦʩʪʴʶ ʅʀɸ, ʧʦʩʢʦʣʴʢʫ ʥʘʪʨʠʡ ʪʷʞʝʣʝʝ ʣʠʪʠʷ, ʘ ʝʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʡ ʧʦʪʝʥʮʠʘʣ ʚʳʰʝ. ʅʀɸ, ʚʝʨʦʷʪʥʦ, ʥʘʡʜʫʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʦʙʣʘʩʪʠ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʥʘʢʦʧʠʪʝʣʝʡ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʜʣʷ ʵʥʝʨʛʦʩʝʪʝʡ ʠ ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʘ, ʛʜʝ ʤʘʩʩʘ 

ʠ ʦʙʲʝʤ ʙʘʪʘʨʝʠ ʤʝʥʝʝ ʢʨʠʪʠʯʥ,r ʯʝʤ ʚ ʧʦʨʪʘʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʠʢʝ. ʅʝʜʘʚʥʦ ʙʳʣʠ ʫʩʧʝʰʥʦ 

ʘʧʨʦʙʠʨʦʚʘʥʳ ʧʝʨʚʳʝ ʧʨʦʪʦʪʠʧʳ ʵʣʝʢʪʨʦʚʝʣʦʩʠʧʝʜʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʅʀɸ [2]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʅʀɸ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʨʘʩʩʤʘʪʨʠʚʘʪʁʩʷ ʢʘʢ ʜʦʧʦʣʥʝʥʠʝ ʢ ʣʠʪʠʡ-ʠʦʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ [3], ʥʦ ʠʭ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʛʫʪ ʙʳʪʴ 
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ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʝʥr ʧʫʪʝʤ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʘʢʢʫʤʫʣʷʪʦʨʘ. ɹʦʣʝʝ ʪʦʛʦ, ʥʘ 

ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʛʠʙʨʠʜʥʦʛʦ ʥʘʪʨʠʡ-ʣʠʪʠʡ-

ʠʦʥʥʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʚ ʢʦʪʦʨʦʤ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ ʠʩʧʦʣʴʟʫʶʪ ʥʘʪʨʠʡ-ʩʦʜʝʨʞʘʱʠʝ 

ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ - ʣʠʪʠʡ-ʩʦʜʝʨʞʘʱʠʝ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ. ʆʪʣʠʯʠʪʝʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʦʛʦ ʚʠʜʘ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ 

ʥʠʭ ʨʘʙʦʪʘʝʪ ʩʤʝʰʘʥʥʳʡ Na
+
/Li

+
 ʵʣʝʢʪʨʦʣʠʪ ʠ ʨʝʘʣʠʟʫʝʪʩʷ ʩʤʝʰʘʥʥʘʷ Na

+
/Li

+
 (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʷ 

(ʠʟ)ʚ ʵʣʝʢʪʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʯʪʦ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʫʣʫʯʰʝʥʠʶ ʧʨʦʮʝʩʩʦʚ ʮʠʢʣʠʨʦʚʘʥʠʷ. 

ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʪʘʢʠʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʙʫʜʫʪ ʠʤʝʪʴ ʧʨʝʠʤʫʱʝʩʪʚʘ ʥʘʜ ʯʠʩʪʦ ʥʘʪʨʠʝʚʳʤʠ ʚ ʧʣʘʥʝ 

ʧʦʚʳʰʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʠ ʧʦʥʠʞʝʥʠʷ ʩʪʦʠʤʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʥʘʪʨʠʡʩʦʜʝʨʞʘʱʠʝ 

ʢʘʪʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʝʰʝʚʣʝ, ʘ ʠʭ ʩʠʥʪʝʟ ʣʝʛʯʝ.  

ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʢʢʫʤʫʣʷʪʦʨʘ: ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ, ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ, ʨʝʩʫʨʩ, 

ʤʦʱʥʦʩʪʴ ʠ ʪ.ʧ. - ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʵʣʝʢʪʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʧʦʵʪʦʤʫ ʜʣʷ ʨʘʟʚʠʪʠʷ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʝʦʙʭʦʜʠʤʦ ʚʩʝʩʪʦʨʦʥʥʝʝ ʠ ʢʦʤʧʣʝʢʩʥʦʝ 

ʠʟʫʯʝʥʠʝ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʢʪʨʦʜʦʚ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʘʢʪʠʚʥʳʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ ʚʝʜʫʪʩʷ ʚ ʦʙʣʘʩʪʠ ʧʦʣʠʘʥʠʦʥʥʳʭ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʘʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴ ,ʁ 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʧʦʞʘʨʦʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʮʠʢʣʘʭ 

ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʠʤ ʨʘʙʦʯʠʤ ʥʘʧʨʷʞʝʥʠʝʤ [4]. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ ʠʤʝʥʥʦ 

ʵʪʦʛʦ ʢʣʘʩʩʘ ʣʷʛʫʪ ʚ ʦʩʥʦʚʫ ʅʀɸ ʙʫʜʫʱʝʛʦ [5]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʣʠʘʥʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʟʘʯʘʩʪʫʶ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʫʣʫʯʰʝʥʠʝ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʫʩʧʝʰʥʦʡ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʠʩʢ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʠʟʫʯʝʥʠʝ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ, ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʷʚʣʷʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ 

ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʅʀɸ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʙʨʘʥʳ ʧʦʣʠʘʥʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

Na3V2(PO4)3 ʠ Na3V2(PO4)2F3, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ ʩʯʠʪʘʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʪʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʅʀɸ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ.  

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ Na3V2(PO4)3 

ʠ Na3V2(PO4)2F3 ʠʟʚʝʩʪʥʘ ʚ ʣʠʪʝʨʘʪʫʨʝ, ʠʭ ʠʟʫʯʝʥʠʝ ʥʘʯʘʣʦʩʴ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʘʚʥʦ. 

ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ  ʦʪʩʫʪʩʪʚʠʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠ ̫ ʫʩʣʦʚʠʡ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ 

ʧʨʦʜʫʢʪʦʚ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F. ʆʪʨʳʚʦʯʥʳʡ ʭʘʨʘʢʪʝʨ ʠʤʝʶʪ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʢʘʪʠʦʥʥʦʛʦ 
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ʟʘʤʝʱʝʥʠʷ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ ʜʦʙʘʚʢʘʤʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)2F3. ʅʝʜʦʩʪʘʪʦʯʥʳʤ 

ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ Na3V2(PO4)3 ʠ 

Na3V2(PO4)2F3 ʚ ʛʠʙʨʠʜʥʳʭ ʥʘʪʨʠʡ-ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʫʩʣʦʚʠʡ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʠ ʢʦʤʧʣʝʢʩʥʦʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʪʨʠʡ-ʚʘʥʘʜʠʡ ʩʦʜʝʨʞʘʱʠʭ 

ʧʦʣʠʘʥʠʦʥʥʳʭ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʠʩʢ ʧʫʪʝʡ ʠʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  

ɼʦʩʪʠʞʝʥʠʝ ʮʝʣʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʰʝʥʠʷ ʩʣʝʜʫʶʱʠʭ ʟʘʜʘʯ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʫʩʣʦʚʠʡ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʥʘʪʨʠʡ-

ʚʘʥʘʜʠʡ ʩʦʜʝʨʞʘʱʠʭ ʧʦʣʠʘʥʠʦʥʥʳʭ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʧʨʠʨʦʜʳ ʠ ʩʦʦʪʥʦʰʝʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʫʩʣʦʚʠʡ ʦʪʞʠʛʘ. 

2. ʀʟʫʯʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʣʦʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʧʨʦʜʫʢʪʦʚ. 

3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Na3V2(PO4)3 ʠ Na3V2(PO4)2F3 ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʥʘʪʨʠʝʚʳʭ ʠ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ, ʘ ʪʘʢʞʝ ʚ ʧʦʣʥʳʭ ʠ ʩʠʤʤʝʪʨʠʯʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ. 

4. ʀʟʫʯʝʥʠʝ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʬʘʟ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)3 ʠ 

Na3V2(PO4)2F3 ʚ ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ. 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ Na3V2(PO4)2F3 ʠʦʥʘʤʠ s-, p- ʠ d-ʤʝʪʘʣʣʦʚ 

ʧʫʪʝʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʠ çʤʷʛʢʦʡ ʭʠʤʠʠè ʥʘ ʧʨʦʚʦʜʷʱʠʝ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

6. ʀʟʫʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

1. ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʪʚʝʨʜʦʬʘʟʥʦʤ ʩʠʥʪʝʟʝ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ 

ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʫʩʣʦʚʠʡ ʦʪʞʠʛʘ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ Na3V2(PO4)2F3 ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʨ. ʛʨ. P42/mnm, ʘ ʬʘʟʘ NaVPO4F ʩ 

ʧʨ. ʛʨ. ʉ2/ʩ ʷʚʣʷʝʪʩʷ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʠ ʦʙʨʘʟʫʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʟʘʢʘʣʢʝ. 

2. ʀʩʩʣʝʜʦʚʘʥʦ ʮʠʢʣʠʨʦʚʘʥʠʝ Na3V2(PO4)2F3 ʠ Na3V2(PO4)3 ʢʘʢ ʚ ʥʘʪʨʠʝʚʳʭ, ʪʘʢ ʠ ʚ 

ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ. ɺʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʪʠʤʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

(Na,Li )3V2(PO4)2F3 (ʧʨ.ʛʨ. P42/mnm) ᵮ NaV2(PO4)2F3 (ʧʨ. ʛʨ. I4/mmm), ʥʘʙʣʶʜʘʝʤʳʡ ʨʘʥʝʝ ʧʨʠ 
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ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʥʘʪʨʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʩʦʭʨʘʥʷʝʪʩʷ ʠ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ 

ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ. 

3. ʇʨʦʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ Na/Li  

ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ Na3V2(PO4)2F3 ʠ Na3V2(PO4)3; ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ Na3V2(PO4)3 ʦʙʤʝʥ 

ʧʨʦʪʝʢʘʝʪ ʥʘ 2/3, ʘ ʚ Na3V2(PO4)2F3 ʪʦʣʴʢʦ ʚ ʦʛʨʘʥʠʯʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʥʝ 

ʧʨʝʚʳʰʘʶʱʝʤ 16 ʤʦʣ. %.  

4. ʀʩʩʣʝʜʦʚʘʥʦ ʢʘʪʠʦʥʥʦʝ ʟʘʤʝʱʝʥʠʝ ʚ Na3V2(PO4)2F3 ʨʷʜʦʤ ʠʦʥʦʚ s-, p- ʠ d-ʤʝʪʘʣʣʦʚ ʚ 

ʫʩʣʦʚʠʷʭ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʪʝʧʝʥʴ ʟʘʤʝʱʝʥʠʷ Na
+
 ʥʘ Li

+
 ʧʨʠ 

ʪʚʝʨʜʦʬʘʟʥʦʤ ʩʠʥʪʝʟʝ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʥʘʙʣʶʜʘʝʤʦʡ ʧʨʠ ʭʠʤʠʯʝʩʢʦʤ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ 

ʠʦʥʥʦʤ ʦʙʤʝʥʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʦʥʳ ʩ ʠʦʥʥʳʤʠ ʨʘʜʠʫʩʘʤʠ, ʙʣʠʟʢʠʤʠ V
3+

 (Fe
3+

 ʠ Al
3+

), 

ʦʙʨʘʟʫʶʪ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʘ ʠʦʥʳ ʩ ʙʦʣʴʰʠʤʠ ʠʦʥʥʳʤʠ ʨʘʜʠʫʩʘʤʠ (ʥʘʧʨʠʤʝʨ, La
3+

) ï ʥʝʪ. 

ɺʚʝʜʝʥʠʝ ʠʦʥʦʚ Li
+
 ʠ La

3+
 ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʩ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʫʣʫʯʰʝʥʠʶ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

5. ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ 

ʤʦʱʥʦʩʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)2F3, ʚʥʝʜʨʝʥʥʦʛʦ ʚ 

ʵʣʝʢʪʨʦʥʦʧʨʦʚʦʜʷʱʫʶ ʤʘʪʨʠʮʫ ʫʛʣʝʨʦʜʘ ʩ V2O3.  

6. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ Na3V2(PO4)2F3 ʠ Na3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʦʣʥʳʭ ʩʤʝʰʘʥʥʦ-ʠʦʥʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʩ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘʤʠ ʥʘ ʦʩʥʦʚʝ Li 4Ti5O12, Li 3V2(PO4)3, ʛʨʘʬʠʪʘ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʠʟʫʯʝʥʠʠ ʠ ʩʦʟʜʘʥʠʠ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʥʘʪʨʠʡ- ʠ ʣʠʪʠʡ-

ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʈʘʟʨʘʙʦʪʘʥʳ 

ʫʩʣʦʚʠʷ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

Na3V2(PO4)3 ʠ Na3V2(PO4)2F3. ɺʳʷʚʣʝʥʳ ʧʫʪʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʫʢʘʟʘʥʥʳʭ ʢʘʪʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʥʘʪʨʠʡ- ʠ ʣʠʪʠʡ-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ ʵʪʘʧʳ ʧʦʣʫʯʝʥʠʷ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ  

ʢʦʤʧʣʝʢʩʥʦʝ ʠʟʫʯʝʥʠʝ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʢʘʪʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ, ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʝʛʦ ʩʝʙʷ ʢʘʢ 
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ʧʨʦʩʪʦʡ, ʙʳʩʪʨʳʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʚʨʝʤʷ ʪʝʧʣʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ 

ʢʝʨʘʤʠʯʝʩʢʠʤ ʩʠʥʪʝʟʦʤ. ʉʤʝʰʘʥʥʳʝ ʥʘʪʨʠʡ-ʣʠʪʠʝʚʳʝ ʩʦʩʪʘʚ rʧʦʣʫʯʘʣʠ ʭʠʤʠʯʝʩʢʠʤ ʠʦʥʥʳʤ 

ʦʙʤʝʥʦʤ ʩ LiBr ʚ ʦʨʛʘʥʠʯʝʩʢʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ. ʂʘʪʠʦʥʥʦʝ ʟʘʤʝʱʝʥʠʝ s-, p- ʠ d-ʤʝʪʘʣʣʘʤʠ, ʘ 

ʪʘʢʞʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥʦʧʨʦʚʦʜʷʱʠʤʠ ʜʦʙʘʚʢʘʤʠ ʠʟʫʯʘʣʠ ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʤʝʪʦʜʘʤʠ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩ ʫʪʦʯʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ, 

ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʢʘʥʠʨʫʶʱʝʡ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʄʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʳʣʠ ʠʟʫʯʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʤʝʪʦʜʦʚ ʮʠʢʣʠʯʝʩʢʦʡ ʭʨʦʥʦʧʦʪʝʥʮʠʦʤʝʪʨʠʠ ʠ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ, ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʧʨʝʨʳʚʠʩʪʦʛʦ ʪʠʪʨʦʚʘʥʠʷ. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʠ ʝʝ ʠʟʤʝʥʝʥʠʝ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʫʯʘʣʘʩʴ ʤʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ.  

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷ: 

1. ʄʝʪʦʜʠʢʘ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ Na3V2(PO4)3, Na3V2(PO4)2F3 ʠ NaVPO4F ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ. 

2. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Na3V2(PO4)3, 

Na3V2(PO4)2F3.  

3. ɺʣʠʷʥʠʝ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʠʦʥʘʤʠ Li
+
, Al

3+
, Fe

3+
 ʠ La

3+
 ʥʘ ʝʛʦ 

ʩʪʨʫʢʪʫʨʫ, ʧʨʦʚʦʜʷʱʠʝ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

4. ɺʣʠʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ 

ʤʦʱʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʝʣʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩʦʚʨʝʤʝʥʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʜʠʬʨʘʢʪʦʤʝʪʨʠ,ʁ ʠʥʬʨʘʢʨʘʩʥʫʶ 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʩʢʘʥʠʨʫʶʱʫʶ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʫʶ ɻʣʝʢʪʨʦʥʥʫ  ʁʤʠʢʨʦʩʢʦʧʠ,ʁ ʚ ʪ.ʯ. ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʷʜʝʨʥʦʛʦ ʛʘʤʤʘ-ʨʝʟʦʥʘʥʩʘ, ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ 

ʧʦʛʣʦʱʝʥʠʷ, ʮʠʢʣʠʯʝʩʢʫʶ ʭʨʦʥʦʧʦʪʝʥʮʠʦʤʝʪʨʠʶ ʠ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʶ, ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʝ 

ʧʨʝʨʳʚʠʩʪʦʝ ʪʠʪʨʦʚʘʥʠʝ, ʠʤʧʝʜʘʥʩʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩ ɹ ʩʦʚʨʝʤʝʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ ʥʘʜʝʞʥʳʝ ʤʝʪʦʜʠʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ.  
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ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 20 ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 7 ʩʪʘʪʝʡ ʚ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ, ʚʭʦʜʷʱʠʭ ʚ ʧʝʨʝʯʝʥʴ ɺɸʂ ʠ ʩʠʩʪʝʤʳ ʮʠʪʠʨʦʚʘʥʠʷ Web of Science ʠ 

Scopus. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ 

ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ:  

1) International Battery Association (IBA) Conference (Nantes, France, 2016),  

2) 18
th
 International Meeting on Lithium Batteries (Chicago, USA, 2016),  

3) XIV International Conference ζTopical Problems of Energy Conversion in Lithium 

Electrochemical Systemsè (Suzdal, Russia, 2016),  

4) IV ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ζʊʝʦʨʠʷ ʠ ʧʨʘʢʪʠʢʘ ʩʦʚʨʝʤʝʥʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʩʪʚè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ, 2016),  

5) 10-ʘʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʘʫʢʘ. ʊʝʭʥʦʣʦʛʠʠ. 

ʀʥʥʦʚʘʮʠè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2016), 

6) III ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʈʦʩʩʠʡʩʢʦ-ʂʘʟʘʭʩʪʘʥʩʢʘʷ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʍʠʤʠʯʝʩʢʠʝ ʪʝʭʥʦʣʦʛʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2017) 

7) ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

çʄʦʣʦʜʸʞʴ. ʅʘʫʢʘ. ʊʝʭʥʦʣʦʛʠʠè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2017) 

8) 5
th
 International Conference on Nanomaterials and Advanced Energy Storage Systems, INESS-

2017 (Astana, Kazakhstan, 2017) 

9) International Battery Association (IBA) Conference (Jeju Island, South Korea, 2018) 

10) V International Conference çFundamental Bases of Mechanochemical Technologiesè, FBMT-

2018 (Novosibirsk, Russia, 2018) 

11) 69
th
 Annual Meeting of International Society of the Electrochemistry (ISE) (Bologna, Italy, 2018) 

12) Russia-Japan Joint Seminar ñNon-equilibrium processing of materials: experiments and 

modellingò (Novosibirsk, Russia, 2018) 

13) 22
nd

 International Conference on Solid State Ionics (PyeongChang, South Korea, 2019). 

ɿʘ ʜʦʩʪʠʛʥʫʪʳʝ ʥʘʫʯʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ 2018ʛ. ʜʠʩʩʝʨʪʘʥʪʫ ʙʳʣʠ ʧʨʠʩʫʞʜʝʥʳ ʩʪʠʧʝʥʜʠʠ 

ʇʨʝʟʠʜʝʥʪʘ ʠ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ. ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ 

ʨʘʙʦʪʝ, ʙʳʣʠ ʚʳʩʦʢʦ ʦʮʝʥʝʥʳ ʵʢʩʧʝʨʪʥʦʡ ʢʦʤʠʩʩʠʝʡ ʢʦʥʢʫʨʩʘ ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʘʩʧʠʨʘʥʪʦʚ, 

ʧʨʦʚʦʜʠʤʦʛʦ ʢʦʤʧʘʥʠʝʡ ʍʘʣʴʜʦʨ ʊʦʧʩʝ (Haldor Topsoe), ʠ ʥʘʛʨʘʞʜʝʥʳ ʩʧʝʮʠʘʣʴʥʦʡ ʧʨʝʤʠʝʡ 

ʢʦʤʧʘʥʠʠ ʚ ʥʦʤʠʥʘʮʠʠ çʟʘ ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴè. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ  

ʇʨʠʚʝʜʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʩʘʤʠʤ 

ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ʃʠʯʥʦ ʘʚʪʦʨʦʤ ʙʳʣ ʦʩʫʱʝʩʪʚʣʸʥ ʧʦʠʩʢ ʠ 
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ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʩʧʣʘʥʠʨʦʚʘʥʳ ʠ ʚʳʧʦʣʥʝʥʳ ʩʣʝʜʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ: ʩʠʥʪʝʟ 

ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʘʤʠ ʮʠʢʣʠʯʝʩʢʦʡ 

ʭʨʦʥʦʧʦʪʝʥʮʠʦʤʝʪʨʠʠ ʠ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ (ʎɺɸ), ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʝʨʳʚʠʩʪʦʛʦ 

ʪʠʪʨʦʚʘʥʠʷ (GITT), ʠʟʤʝʨʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ (ʉʕʀ). ɸʚʪʦʨ ʧʨʦʚʦʜʠʣ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ 

ʘʥʘʣʠʟ (ʈʌɸ) ʠ ʫʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ, ʨʘʩʰʠʬʨʦʚʳʚʘʣ 

ʜʘʥʥʳʝ ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʀʂ), ʦʙʨʘʙʘʪʳʚʘʣ ʜʘʥʥʳʝ ʩʢʘʥʠʨʫʶʱʝʡ ʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʆʙʩʫʞʜʝʥʠʝ ʠ ʘʥʘʣʠʟ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ 

ʩʦʘʚʪʦʨʘʤʠ ʧʫʙʣʠʢʘʮʠʡ. ɸʚʪʦʨ ʧʨʝʜʩʪʘʚʣʷʣ ʨʝʟʫʣʴʪʘʪʳ ʚ ʬʦʨʤʝ ʫʩʪʥʳʭ ʠ ʩʪʝʥʜʦʚʳʭ ʜʦʢʣʘʜʦʚ 

ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʦʩʫʱʝʩʪʚʣʷʣ ʧʦʜʛʦʪʦʚʢʫ ʩʪʘʪʝʡ ʢ ʧʫʙʣʠʢʘʮʠʠ ʚ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ.  

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʸʭ ʛʣʘʚ, 

ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ. ʄʘʪʝʨʠʘʣ ʠʟʣʦʞʝʥ ʥʘ 152 ʩʪʨʘʥʠʮʘʭ ʠ ʩʦʜʝʨʞʠʪ 

78 ʨʠʩʫʥʢʦʚ, 16 ʪʘʙʣʠʮ ʠ ʩʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ, ʦʭʚʘʪʳʚʘʶʱʠʡ 178 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ʈʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʛʨʫʧʧʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ 

ʀʥʩʪʠʪʫʪʘ ʪʚʸʨʜʦʛʦ ʪʝʣʘ ʠ ʤʝʭʘʥʦʭʠʤʠʠ ʉʆ ʈɸʅ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ çʈʘʟʨʘʙʦʪʢʘ ʠ ʠʟʫʯʝʥʠʝ 

ʩʚʦʡʩʪʚ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʢʨʳʪʠʡ ʠ ʢʦʤʧʦʟʠʪʦʚ 

ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷè (ʥʦʤʝʨ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ɸɸɸɸ-ɸ17-117030310277-6) ʠ 

ʛʨʘʥʪʦʚ ʈʦʩʩʠʡʩʢʦʛʦ ʌʦʥʜʘ ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʀʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ ˉ 18-43-540022, ʧʨʦʝʢʪ 

ˉ 19-03-00746).  

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʩʚʦʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ʚʝʜ. ʥʘʫʯ. ʩʦʪʨ., ʢʘʥʜ. ʭʠʤ. 

ʥʘʫʢ ʅ.ɺ. ʂʦʩʦʚʦʡ ʟʘ ʨʫʢʦʚʦʜʩʪʚʦ, ʧʦʤʦʱʴ ʚ ʧʦʩʪʘʥʦʚʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʘʥʘʣʠʟʝ ʠ 

ʦʙʩʫʞʜʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʨʝʮʝʥʟʠʨʦʚʘʥʠʠ ʠ ʧʦʤʦʱʠ ʚ ʥʘʧʠʩʘʥʠʠ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ ʠ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʠ.  

ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʩʦʪʨʫʜʥʠʢʦʚ ʀʍʊʊʄ ʉʆ ʈɸʅ ʢ.ʬ.-ʤ.ʥ. ʅ.ɺ. ɹʫʣʠʥʫ, ɸ.ʂ. ʊʨʝʪʴʷʢʦʚʘ, 

ʢ.ʭ.ʥ. ɸ.ɸ. ʄʘʪʚʠʝʥʢʦ, ʢ.ʭ.ʥ. ʆ.ɸ. ʇʦʜʛʦʨʥʦʚʫ, ʜ.ʬ.-ʤ.ʥ. ʀ.ʖ. ʇʨʦʩʘʥʦʚʘ, ʢ.ʭ.ʥ. ɸ.ʉ. ʋʣʠʭʠʥʘ, 

ʉ.ɸ. ʇʝʪʨʦʚʘ, ʩʦʪʨʫʜʥʠʢʦʚ ʄʀʀ ʀʄ ʖʌʋ ʢ.ʬ.-ʤ.ʥ. ɸ. ɻʫʜʫ ʠ ɺ. ʐʘʧʦʚʘʣʦʚʘ ʟʘ ʧʦʤʦʱʴ ʚ 

ʧʦʩʪʘʥʦʚʢʝ ʠ ʧʨʦʚʝʜʝʥʠʠ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ.  

ɸʚʪʦʨ ʧʨʠʟʥʘʪʝʣʝʥ ʩʚʦʠʤ ʨʦʜʠʪʝʣʷʤ ʠ ʤʫʞʫ ʟʘ ʚʝʨʫ ʠ ʧʦʩʪʦʷʥʥʫʶ ʧʦʜʜʝʨʞʢʫ, ʙʝʟ 

ʢʦʪʦʨʳʭ ʥʘʧʠʩʘʥʠʝ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʦ ʙʳ ʥʝʚʦʟʤʦʞʥʳʤ. 
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ɻʣʘʚʘ 1.  ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1 ʋʩʪʨʦʡʩʪʚʦ ʤʝʪʘʣʣ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ 

1.1.1 ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʃʠʪʠʡ-ʠʦʥʥʳʝ (ʣʠʪʠʡ-ʧʦʣʠʤʝʨʥʳʝ) ʘʢʢʫʤʫʣʷʪʦʨʳ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʶʪʩʷ 

ʙʝʟʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʧʠʪʘʥʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʧʦʨʪʘʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ. ʇʨʠ ʵʪʦʤ 

ʧʨʦʜʦʣʞʘʶʪ ʧʦʷʚʣʷʪʴʩʷ ʚʩʸ ʥʦʚʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ, ʧʦʩʚʷʱʝʥʥʳʝ ʜʘʣʴʥʝʡʰʝʤʫ 

ʫʣʫʯʰʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʃʀɸ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ ʫʚʝʣʠʯʠʪʴ ʤyʢʦʩʪʥʳʝ ʠ ʤʦʱʥʦʩʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʝʛʦ ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʨʝʩʫʨʩ. 

ʇʘʨʘʣʣʝʣʴʥʦ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʢʦʪʦʨʳʝ ʩʤʦʛʫʪ ʨʘʟʥʦʦʙʨʘʟʠʪʴ ʨʳʥʦʢ 

ʚʪʦʨʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ ʠ ʙʫʜʫʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʨʘʟʣʠʯʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ 

ʧʦʪʨʝʙʠʪʝʣʷ ʧʦ ʩʪʦʠʤʦʩʪʠ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ. ʉʨʝʜʠ ʪʘʢʠʭ ʘʣʴʪʝʨʥʘʪʠʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʤʝʪʘʣʣ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ (ʄʀɸ), ʩʭʦʞʠʝ ʧʦ ʧʨʠʥʮʠʧʫ ʨʘʙʦʪʳ ʩ ʃʀɸ, ʥʦ ʦʪʣʠʯʘʶʱʠʝʩʷ 

ʪʠʧʦʤ ʠʦʥʘïʧʝʨʝʥʦʩʯʠʢʘ ʟʘʨʷʜʘ. ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʭ ʢ ʢʦʤʤʝʨʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʪʝʭʥʦʣʦʛʠʡ ʄʀɸ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʥʘʪʨʠʡ-ʠʦʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ [6].  

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʣʶʙʦʛʦ ʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʪʝʢʘʥʠʠ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʵʣʝʢʪʨʦʜʘʭ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʩʦʟʜʘʝʪʩʷ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʠ ʧʨʦʠʩʭʦʜʠʪ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʵʥʝʨʛʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ. ɺ ʩʣʫʯʘʝ 

ʘʢʢʫʤʫʣʷʪʦʨʘ ʵʣʝʢʪʨʦʜʥʳʝ ʨʝʘʢʮʠʠ ʷʚʣʷʶʪʩʷ ʦʙʨʘʪʠʤʳʤʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ 

ʤʥʦʛʦʢʨʘʪʥʦ. ɺ ʄʀɸ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʥʳʭ ʨʝʘʢʮʠʡ ʚʳʩʪʫʧʘʝʪ ʦʙʨʘʪʠʤʦʝ ʚʥʝʜʨʝʥʠʝ 

(ʠʥʪʝʨʢʘʣʷʮʠ)̫ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʟʘʨʷʜʘ ʚ ʩʪʨʫʢʪʫʨʫ ʤʘʪʨʠʮʳ ʭʦʟʷʠʥʘ, ʢʦʪʦʨʳʤ 

ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʘʪʝʨʠʘʣʘ ʵʣʝʢʪʨʦʜʘ [7]. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʤʦʞʥʦ 

ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʥʘ ʧʨʠʤʝʨʝ ʩʪʘʥʜʘʨʪʥʦʛʦ ʣʠʪʠʡ-ʠʦʥʥʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ (ʨʠʩ.1). 

 

ʈʠʩʫʥʦʢ 1.1. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʨʠʥʮʠʧʘ ʨʘʙʦʪʳ ʃʀɸ. 
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ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʢʘʪʦʜʘ ʚʳʩʪʫʧʘʝʪ ʬʦʩʬʘʪ ʞʝʣʝʟʘ(II)-ʣʠʪʠʷ 

LiFePO4, ʘ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʷʚʣʷʝʪʩʷ ʛʨʘʬʠʪ. ʆʙʘ ʵʣʝʢʪʨʦʜʘ ʥʘʭʦʜʷʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ 

ʢʦʥʪʘʢʪʝ ʩ ʪʦʢʦʦʪʚʦʜʘʤʠ ʠ ʨʘʟʜʝʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦʨʠʩʪʳʤ ʩʝʧʘʨʘʪʦʨʦʤ. ʉʝʧʘʨʘʪʦʨ ʩʤʦʯʝʥ 

ʨʘʩʪʚʦʨʦʤ ʵʣʝʢʪʨʦʣʠʪʘ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ, ʚ ʩʣʫʯʘʝ ʣʠʪʠʡ-ʠʦʥʥʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʚʳʩʪʫʧʘʝʪ 

ʨʘʩʪʚʦʨ ʣʠʪʠʝʚʦʡ ʩʦʣʠ, ʥʘʧʨʠʤʝʨ LiPF6, ʚ ʦʨʛʘʥʠʯʝʩʢʦʤ ʘʧʨʦʪʦʥʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ. ɺ ʩʣʫʯʘʝ 

ʣʠʪʠʡ-ʧʦʣʠʤʝʨʥʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ ʚʤʝʩʪʦ ʞʠʜʢʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ ʠʩʧʦʣʴʟʫʶʪ ʧʦʣʠʤʝʨʥʳʡ 

ʵʣʝʢʪʨʦʣʠʪ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʣʠʪʠʝʚʫʶ ʩʦʣʴ ʚ ʤʘʪʨʠʮʝ ʧʦʣʠʤʝʨʘ, ʪʘʢʦʛʦ ʢʘʢ, ʥʘʧʨʠʤʝʨ, 

ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣ. ʇʨʠ ʧʦʜʘʯʝ ʥʘ ʘʢʢʫʤʫʣʷʪʦʨ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʥʘʯʠʥʘʝʪʩʷ 

ʜʝʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ Li
+
 ʠʟ ʩʪʨʫʢʪʫʨʳ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ï LiFePO4, ʠʭ ʜʚʠʞʝʥʠʝ ʯʝʨʝʟ 

ʵʣʝʢʪʨʦʣʠʪ ʠ ʚʥʝʜʨʝʥʠʝ (ʠʥʪʝʨʢʘʣʷʮʠʷ) ʚ ʤʝʞʩʣʦʝʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ï 

ʛʨʘʬʠʪʘ. ʕʣʝʢʪʨʦʥʳ ʧʨʠ ʵʪʦʤ ʜʚʠʞʫʪʩʷ ʧʦ ʚʥʝʰʥʝʡ ʮʝʧʠ. ʅʘʭʦʜʷʱʠʝʩʷ ʚ ʢʘʪʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ 

ʠʦʥʳ d-ʤʝʪʘʣʣʘ ʦʢʠʩʣʷʪʁʩʷ (Fe
2+ 

ó
 Fe

3+
), ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʟʘʨʷʜ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʇʨʠ 

ʨʘʟʨʷʜʝ ʧʨʦʠʩʭʦʜʷʪ ʦʙʨʘʪʥʳʝ ʧʨʦʮʝʩʩʳ: ʠʦʥʳ Li
+
 ʜʝʠʥʪʝʨʢʘʣʠʨʫʶʪ ʠʟ ʛʨʘʬʠʪʘ ʠ ʟʘʥʦʚʦ 

ʚʩʪʨʘʠʚʘʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʫ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʘ ʠʦʥʳ d-ʤʝʪʘʣʣʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ. 

ʆʧʠʩʘʥʥʦʝ ʚʳʰʝ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ:  

LiFePO4  ᵮ  Li 1-xFePO4 + xLi
+
 + xǛ;                               Fe

2+
  ᵮ  Fe

3+
 + Ǜ;                     1.1ʘ 

6ʉ + xLi
+
 + xǛ  ᵮ  Li xC6;                                               Li

+
 + Ǜ  ᵮ  Li

ʦ
                          1.1ʙ 

ʇʦʪʝʥʮʠʘʣ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʘʢ ʨʘʩʪʚʦʨ ʛʦʩʪʷ (Li
+
) ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʩʦʝʜʠʥʝʥʠʷ-ʭʦʟʷʠʥʘ (FePO4), ʦʧʠʩʳʚʘʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʟʘʢʦʥʦʤ:  

ὠὼ ὧέὲίὸ,                                                           1.2 

ʛʜʝ ȹG ʦʙʦʟʥʘʯʘʝʪ ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʩʠʩʪʝʤʳ, x ï ʩʦʩʪʘʚ ʵʣʝʢʪʨʦʜʘ Li 1-xFePO4, 

mὒὭ ï ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, V(x) ʦʪʨʘʞʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʪʝʥʮʠʘʣʘ 

ʵʣʝʢʪʨʦʜʘ ʦʪ x - ʢʦʣʠʯʝʩʪʚʘ (ʜʝ)ʠʥʪʝʨʢʘʣʠʨʫʝʤʦʛʦ ʣʠʪʠʷ (Li 1-xFePO4).  

ʀʟʚʝʩʪʥʦ ʜʚʘ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʘ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʟʘʨʷʜʘ ʚ ʭʦʜʝ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʜʚʫʭʬʘʟʥʳʡ ʠ ʦʜʥʦʬʘʟʥʳʡ (ʤʝʭʘʥʠʟʤ ʪʚʸʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ). ɼʚʫʭʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʬʘʟ ï 

ʥʘʯʘʣʴʥʦʡ ʠ ʢʦʥʝʯʥʦʡ, ʧʨʠ ʵʪʦʤ ʬʦʨʤʠʨʫʝʪʩʷ ʤʝʞʬʘʟʥʘʷ ʛʨʘʥʠʮʘ, ʢʦʪʦʨʘʷ ʜʚʠʞʝʪʩʷ ʩ ʨʦʩʪʦʤ 

ʥʦʚʦʡ ʬʘʟʳ. ʆʜʥʦʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʷʜʘ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩ ʧʦʩʪʝʧʝʥʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʵʣʝʢʪʨʦʜʘ. ʆ ʨʝʘʣʠʟʘʮʠʠ ʪʦʛʦ ʠʣʠ 

ʠʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʤʦʞʥʦ ʩʫʜʠʪʴ ʧʦ ʬʦʨʤʝ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ, ʪ.ʝ. ʧʦ ʚʠʜʫ ʟʘʚʠʩʠʤʦʩʪʠ 

V(x), ʢʦʪʦʨʘʷ ʟʘʜʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ (1.2). ʉʦʛʣʘʩʥʦ ʧʨʘʚʠʣʫ ʬʘʟ ɻʠʙʙʩʘ, ʚ ʨʘʚʥʦʚʝʩʥʦʡ 



13 
 

 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʯʠʩʣʦʤ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ f ʠ ʯʠʩʣʦʤ ʥʝʟʘʚʠʩʠʤʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ c ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ [8]: 

f = c ï p + n,                                                                        1.3 

ʛʜʝ p - ʯʠʩʣʦ ʬʘʟ, ʘ n - ʯʠʩʣʦ ʠʥʪʝʥʩʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤʳ ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʤʦʣʴʥʳʭ ʜʦʣʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʘʞʜʦʡ ʬʘʟʝ. ɺ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʠʥʪʝʥʩʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ ʚʩʝʛʦ ʜʚʝ ï ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ, ʪ.ʝ. n = 2.  ʕʣʝʢʪʨʦʜ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʫʶ ʩʠʩʪʝʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ Li
+
 ʠ ʤʘʪʨʠʮ rʭʦʟʷʠʥʘ, ʪʦʛʜʘ ʩ = 

2. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ ʦʩʪʘʶʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤʠ, ʯʠʩʣʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʙʫʜʝʪ ʚʳʨʘʞʘʪʴʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

f = 2 ï p + 2 ï 2 = 2 ï p,                                                              1.4 

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʠʥʪʝʨʢʘʣʷʮʠʷ ʣʠʪʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʤʝʭʘʥʠʟʤʫ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ 

ʯʠʩʣʦ ʬʘʟ ʨʘʚʥʦ 1, ʪʦʛʜʘ ʢʦʣʠʯʝʩʪʚʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʧʦʪʝʥʮʠʘʣʘ ʵʣʝʢʪʨʦʜʘ f = 1, ʯʪʦ 

ʦʪʨʘʞʘʝʪʩʷ ʚ ʝʛʦ ʤʦʥʦʪʦʥʥʦʤ ʠʟʤʝʥʝʥʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʣʴʥʦʡ ʜʦʣʠ ʠʥʪʝʨʢʘʣʠʨʫʝʤʦʛʦ 

ʣʠʪʠʷ x (ʨʠʩ. 1.2ʘ, ʦʙʣʘʩʪʴ ɓ < ʭ <Ŭ ). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʜʚʫʭʬʘʟʥʦʤ ʤʝʭʘʥʠʟʤʝ p = 2, ʪʦʛʜʘ 

f = 0, ʪ.ʝ. ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʜʘ ʜʦʣʞʝʥ ʦʩʪʘʚʘʪʴʩʷ ʥʝʠʟʤʝʥʥʳʤ ʚ ʭʦʜʝ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʠ 

V(x) = const. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʦʡ ʢʨʠʚʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʪʦ (ʨʠʩ. 1.2ʘ, ʦʙʣʘʩʪʴ 

Ŭ < ʭ < ɓ) ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʢʦʪʦʨʦʛʦ ʩʦʩʫʱʝʩʪʚʫʶʪ ʥʘʯʘʣʴʥʘʷ ʠ ʢʦʥʝʯʥʘʷ ʬʘʟʳ. ʀʥʦʛʜʘ 

ʟʘʚʠʩʠʤʦʩʪʴ V(x) ʠʤʝʝʪ ʙʦʣʝʝ ʩʣʦʞʥʳʡ ʚʠʜ ʩ ʧʦʷʚʣʝʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʧʣʘʪʦ ʧʦʩʪʦʷʥʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʠʣʠ ʞʝ ʨʝʟʢʠʭ ʩʢʘʯʢʦʚ ʥʘʧʨʷʞʝʥʠʷ (ʨʠʩ. 1.2ʙ).  

 

ʈʠʩʫʥʦʢ 1.2. ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ V(x), ʦʪʨʘʞʘʶʱʝʝ ʚʠʜ ʢʨʠʚʦʡ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʘʭ ʠʥʪʝʨʢʘʣʷʮʠʠ: (a) ï ʜʚʝ ʦʜʥʦʬʘʟʥʳʭ ʦʙʣʘʩʪʠ (ɓ < ʭ < 

Ŭ), ʨʘʟʜʝʣʸʥʥʳʭ ʜʚʫʭʬʘʟʥʦʡ (Ŭ < ʭ < ɓ); (ʙ) ï ʯʝʨʝʜʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʦʜʥʦʬʘʟʥʳʭ (ʭ < Ŭ, ɓ < ʭ < 

ɔ ʠ x > ŭ) ʠ ʜʚʫʭʬʘʟʥʳʭ (Ŭ < ʭ < ɓ ʠ ɔ < ʭ < ŭ) ʦʙʣʘʩʪʝʡ [8].    
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ʉʫʱʝʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʨʘʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ 

ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʚʣʷʝʪʩʷ 

ʥʘʧʨʷʞʝʥʠʝ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ Vʅʈʎ (ɺ). ɼʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʦʥʦ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʦʩʪʴʶ ʭʠʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʠʦʥʦʚ Li
+
 ʚ ʢʘʪʦʜʥʦʤ ʠ ʘʥʦʜʥʦʤ ʤʘʪʝʨʠʘʣʘʭ 

[7]: 

ὠ̊˝ˣ
m̋   ḿ

,                                                            1.5 

ʛʜʝ ɛʢ, ɛʘ ï ʭʠʤʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʢʘʪʦʜʥʦʤ ʠ ʘʥʦʜʥʦʤ ʤʘʪʝʨʠʘʣʘʭ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, z - ʯʠʩʣʦ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ, F ï ʢʦʥʩʪʘʥʪʘ ʌʘʨʘʜʝʷ (96485 

ʂʣ/ʤʦʣʴ ʠʣʠ ʤɸʯ/ʤʦʣʴ).   

ʈʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ Vʨʘʙ. ʚʩʝʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ, ʯʝʤ Vʅʈʎ, ʪ.ʢ. 

ʧʦʪʝʥʮʠʘʣʳ ʵʣʝʢʪʨʦʜʦʚ ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʘ ʠʟʤʝʥʷʶʪʩʷ. ɹʦʣʝʝ ʪʦʛʦ ʚʦʟʥʠʢʘʝʪ ʧʘʜʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʟʘ ʩʯʝʪ ʦʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʪʦʢʦʦʪʚʦʜʦʚ, ʵʣʝʢʪʨʦʣʠʪʘ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ [9]:  

ὠ̑́Ȣ̂  ὠ̊˝ˣ ὍϽὙ̏ȟ                                                                 1.6 

ʛʜʝ I - ʪʦʢ ʨʘʟʨʷʜʘ (ɸ), R ï ʧʦʣʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʆʤ). 

ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠ ̫ W (ɺʪʯ/ʢʛ), ʢʦʪʦʨʫʶ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʷʯʝʡʢʘ, 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʟʥʘʯʝʥʠʷ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ ʠ ʝʸ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ 

ʸʤʢʦʩʪʠ Q (ɸʯ/ʢʛ ʠʣʠ ʤɸʯ/ʛ): 

ὡ ὠ̑́Ȣ̂ὗ                                                                          1.7 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ï ʦʯʝʥʴ ʚʘʞʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʦʥʘ ʦʪʨʘʞʘʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ, ʢʦʪʦʨʦʝ ʩʠʩʪʝʤʘ ʤʦʞʝʪ ʟʘʧʘʩʪʠ: 

ὗ
Ȣ  
ȟ                                                                             1.8 

ʛʜʝ M ï ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ ʵʣʝʢʪʨʦʜʘ (ʛ/ʤʦʣʴ) ʩ ʥʘʠʤʝʥʴʰʝʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʸʤʢʦʩʪʴʶ [8]. ɼʣʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʷʯʝʡʢʠ ʣʠʤʠʪʠʨʫʶʱʠʤ ʵʣʝʢʪʨʦʜʦʤ ʷʚʣʷʝʪʩʷ LiFePO4. ɽʛʦ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ, ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʧʦ ʬʦʨʤʫʣʝ (1.8), ʨʘʚʥʘ ὗ
Ȣ ȟ

 168.8 ʤɸʯ/ʛ, Vʨʘʙ. = 

3.4 ɺ, ʪʦʛʜʘ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠ ̫ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʷʯʝʡʢʠ W = 574 ɺʪʯ/ʢʛ.  

ʄʦʱʥʦʩʪʴ P (ɺʪ) ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʠʟʚʝʜʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ I ʠ ʥʘʧʨʷʞʝʥʠʷ V ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ: 

P = I  Ā V                                                                           1.9 

ʕʪʘ ʚʝʣʠʯʠʥʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʪʦ, ʥʘʩʢʦʣʴʢʦ ʙʳʩʪʨʦ ʤʦʛʫʪ ʧʨʦʪʝʢʘʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ ʚ ʷʯʝʡʢʝ, ʚ ʪʦʤ ʯʠʩʣʝ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʷ ʧʦʜʚʠʞʥʳʭ ʠʦʥʦʚ ʚ ʩʪʨʫʢʪʫʨʫ ʵʣʝʢʪʨʦʜʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʝʤ ʚʳʰʝ ʚʦʟʤʦʞʥʘʷ ʩʢʦʨʦʩʪʴ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʪʝʤ ʚʳʰʝ ʤʦʱʥʦʩʪʴ ʝʜʠʥʠʯʥʦʛʦ 

ʵʣʝʤʝʥʪʘ. ʉʢʦʨʦʩʪʴ ʟʘʨʷʜʘ ʠ ʨʘʟʨʷʜʘ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʪʦʢʘ, 



15 
 

 

ʧʦʜʘʚʘʝʤʦʛʦ ʥʘ ʷʯʝʡʢʫ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ. ɼʣʷ ʫʜʦʙʩʪʚʘ ʥʦʨʤʠʨʦʚʢʠ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 

ʚʳʨʘʞʘʝʪʩʷ ʚ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ nC: ʧʨʠ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ nC ʧʦʣʥʳʡ ʟʘʨʷʜ ʠʣʠ 

ʨʘʟʨʷʜ ʘʢʢʫʤʫʣʷʪʦʨʘ ʚ ʧʝʨʝʩʯʸʪʝ ʥʘ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʫʜʝʣʴʥʫʶ ʸʤʢʦʩʪʴ ʧʨʦʪʝʢʘʝʪ ʟʘ 1/n ʯʘʩʦʚ. 

ʅʘʧʨʠʤʝʨ, ʷʯʝʡʢʘ ʥʘ ʦʩʥʦʚʝ LiFePO4 (ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ ʨʘʚʥʘ 167 ʤɸʯ/ʛ) ʧʨʠ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ 16.7 ʤɸ/ʛ ʙʫʜʝʪ ʟʘʨʷʞʘʪʴʩʷ ʚ ʪʝʯʝʥʠʝ 10 ʯʘʩʦʚ, ʠ ʩʢʦʨʦʩʪʴ ʮʠʢʣʠʨʦʚʘʥʠʷ ʙʫʜʝʪ ʚʳʨʘʞʘʪʴʩʷ 

ʢʘʢ C/10.  

ʈʝʩʫʨʩ ʘʢʢʫʤʫʣʷʪʦʨʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ. ʇʦ 

ʩʫʪʠ, ʵʪʦ ʢʦʣʠʯʝʩʪʚʦ ʮʠʢʣʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʩʦʚʝʨʰʠʪʴ ʘʢʢʫʤʫʣʷʪʦʨ, ʧʦʪʝʨʷʚ 

ʧʨʠ ʵʪʦʤ ʥʝ ʙʦʣʝʝ 20% ʦʪ ʥʘʯʘʣʴʥʦʡ ʸʤʢʦʩʪʠ. ɺʤʝʩʪʝ ʩ ʨʝʩʫʨʩʦʤ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʫʣʦʥʦʚʩʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ï ʦʪʥʦʰʝʥʠʝ ʨʘʟʨʷʜʥʦʡ ʠ ʟʘʨʷʜʥʦʡ ʸʤʢʦʩʪʝʡ, ʚ ʠʜʝʘʣʴʥʦʤ ʩʣʫʯʘʝ ʨʘʚʥʘ ̫100%.  

1.1.2 ʕʣʝʢʪʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ɸʢʢʫʤʫʣʷʪʦʨʥʘʷ ʙʘʪʘʨʝʷ ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʷʯʝʝʢ), 

ʩʦʝʜʠʥʝʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʠ/ʠʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʪʦʢʘ ʠʣʠ 

ʥʘʧʨʷʞʝʥʠʷ. ʆʩʥʦʚʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʷʚʣʷʶʪʩʷ ʵʣʝʢʪʨʦʜʳ ï 

ʢʘʪʦʜ ʠ ʘʥʦʜ, ʨʘʟʜʝʣʝʥʥʳʝ ʵʣʝʢʪʨʦʣʠʪʦʤ, ʩʦʜʝʨʞʘʱʠʤ ʧʦʜʚʠʞʥʳʝ ʠʦʥʳ ʠ ʥʝ ʧʨʦʚʦʜʷʱʠʤ 

ʵʣʝʢʪʨʦʥʳ. ʕʣʝʢʪʨʦʜʳ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʘʥʝʩʸʥʥʫʶ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʪʦʢʦʦʪʚʦʜ ʩʤʝʩʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ ï ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʝʡ ʜʦʙʘʚʢʦʡ (ʫʛʣʝʨʦʜʦʤ) ʠ ʩʚʷʟʫʶʱʠʤ.  

ʕʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜʥʳʤ ʵʣʝʤʝʥʪʦʤ ʤʝʞʜʫ ʠʦʥʦʧʨʦʚʦʜʷʱʠʤ 

ʵʣʝʢʪʨʦʣʠʪʦʤ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʦʢʦʦʪʚʦʜʦʤ, ʦʙʣʘʜʘʶʱʠʤ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ [8]. 

ʏʪʦʙʳ ʭʠʤʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ ʤʦʛʣʦ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʦʥʦ 

ʜʦʣʞʥʦ ʦʙʣʘʜʘʪʴ ʦʧʨʝʜʝʣʸʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [7]:  

- ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (ʧʦ ʠʦʥʘʤ - ʧʝʨʝʥʦʩʯʠʢʘʤ ʟʘʨʷʜʘ, 

ʥʘʧʨʠʤʝʨ, Li
+
);  

- ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʦʥʦʚ Li
+
; 

- ʩʪʨʫʢʪʫʨʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʧʨʠ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ Li
+
; 

- ʚ ʩʣʫʯʘʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ï ʚʳʩʦʢʠʤ ʭʠʤʠʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ mʢ(Li
+
) ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ; 

- ʧʦʪʝʥʮʠʘʣ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ ʵʣʝʢʪʨʦʜʘ ʜʦʣʞʝʥ ʥʘʭʦʜʠʪʴʩʷ ʚ 

ʧʨʝʜʝʣʘʭ ʦʢʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʣʠʪʘ; 

- ʤʘʪʝʨʠʘʣʳ ʵʣʝʢʪʨʦʜʦʚ ʜʦʣʞʥʳ ʙʳʪʴ ʥʝʜʦʨʦʛʠʤʠ, ʣʝʛʢʠʤʠ, ʵʢʦʣʦʛʠʯʝʩʢʠ 

ʙʝʟʦʧʘʩʥʳʤʠ.  
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ʄʘʪʝʨʠʘʣʳ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ 

ʆʩʥʦʚʦʡ ʣʶʙʦʛʦ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʚʭʦʜʷʱʠʡ ʚ ʝʛʦ ʩʦʩʪʘʚ d-ʤʝʪʘʣʣ, 

ʦʙʣʘʜʘʶʱʠʡ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʦʡ ʩ ʧʦʪʝʥʮʠʘʣʦʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʧʨʝʜʝʣʘʭ 

ʦʢʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʣʠʪʘ. ɿʘʯʘʩʪʫʶ, ʪʘʢʠʤʠ ʤʝʪʘʣʣʘʤʠ ʷʚʣʷʶʪʩʷ 

ʧʝʨʝʭʦʜʥʳʝ ʤʝʪʘʣʣʳ 4ʛʦ ʧʝʨʠʦʜʘ ʇʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʦʪ ʚʘʥʘʜʠʷ ʜʦ ʥʠʢʝʣ.̫ ʂʘʪʦʜʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ: ʦʢʩʠʜʥʳʝ ʠ ʧʦʣʠʘʥʠʦʥʥʳʝ.  

ʆʢʩʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʦʝʜʠʥʝʥʠʷ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ AxMyOz, ʛʜʝ ɸ 

ï ʵʪʦ ʱʝʣʦʯʥʦʡ ʤʝʪʘʣʣ, Na ʠʣʠ Li, M ï ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ d-ʤʝʪʘʣʣʦʚ. ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ 

ʜʚʦʡʥʳʭ ʦʢʩʠʜʦʚ ʩʪʦʠʪ ʚʳʜʝʣʠʪʴ ʩʣʦʠʩʪʳʡ ʦʢʩʠʜ ʢʦʙʘʣʴʪʘ(III )-ʣʠʪʠʷ LiCoO2, ʦʢʩʠʜ 

ʤʘʨʛʘʥʮʘ(III , IV)-ʣʠʪʠʷ LiMn2O4 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʝ.  

ɺ 1980 ʛʦʜʫ J. Goodenough ʩ ʩʦʘʚʪʦʨʘʤʠ ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʪʠʤʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʠʟ LiCoO2 [10], ʢʦʪʦʨʳʡ ʚʧʦʩʣʝʜʩʪʚʠʠ ʩʪʘʣ ʧʝʨʚʳʤ ʢʘʪʦʜʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʤ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʃʀɸ ʢʦʤʧʘʥʠʝʡ SONY. LiCoO2 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ 

ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ (ʧʨ. ʛʨ. R-3m), ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ Ŭ-NaFeO2. ɸʪʦʤʳ ʢʠʩʣʦʨʦʜʘ 

ʦʙʨʘʟʫʶʪ ʢʫʙʠʯʝʩʢʫʶ ʧʣʦʪʥʝʡʰʫʶ ʫʧʘʢʦʚʢʫ (ʂʇʋ), ʠʦʥʳ ʣʠʪʠ ̫ ʠ ʢʦʙʘʣʴʪʘ ʥʘʭʦʜʷʪʩʷ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ 3a ʠ 3b ʚ ʯʝʨʝʜʫʶʱʠʭʩʷ ʩʣʦʷʭ (ʨʠʩ. 1.3ʘ). ɼʠʬʬʫʟʠʷ ʣʠʪʠʷ ʚ 

ʤʘʪʝʨʠʘʣʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʣʦʷʭ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʚ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʧʨʝʜʝʣʷʷ 2D ʨʘʟʤʝʨʥʦʩʪʴ ʜʠʬʬʫʟʠʦʥʥʳʭ ʢʘʥʘʣʦʚ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ LiCoO2 

ʩʦʩʪʘʚʣʷʝʪ 274 ʤɸʯ/ʛ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʥʦʤʫ ʠʟʚʣʝʯʝʥʠʶ ʠʦʥʦʚ ʣʠʪʠʷ ʠ ʦʙʨʘʟʦʚʘʥʠʶ 

CoO2. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʩʪʘʙʠʣʴʥʦʝ ʮʠʢʣʠʨʦʚʘʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ ʦʛʨʘʥʠʯʝʥʠʠ 

ʸʤʢʦʩʪʠ ʚ ʧʨʝʜʝʣʘʭ 130-150 ʤɸʯ/ʛ ʧʨʠ ʚʝʨʭʥʝʤ ʥʘʧʨʷʞʝʥʠʠ ʟʘʨʷʜʘ ʥʝ ʚʳʰʝ 4.2 ï 4.3 ɺ ʦʪʥ. 

Li
+
/Li  (ʨʠʩ. 1.3ʙ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʚʣʝʯʝʥʠʶ ʣʠʰʴ ʧʦʣʦʚʠʥʳ ʧʦʜʚʠʞʥʦʛʦ ʣʠʪʠʷ [11]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ LiCoO2 ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 4 ɺ. ɼʘʣʴʥʝʡʰʝʝ ʠʟʚʣʝʯʝʥʠʝ ʣʠʪʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʨʘʪʠʤʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʠʩʢʘʞʝʥʠʷʤ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʝʛʨʘʜʘʮʠʠ ʢʘʪʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʦʪʝʨʷʤ ʸʤʢʦʩʪʠ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ.  

 

ʈʠʩʫʥʦʢ 1.3. ʉʪʨʫʢʪʫʨʘ LiCoO2 (ʘ) ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʙ) ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ [11]. 
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ʀʩʧʦʣʴʟʦʚʘʪʴ LiMn2O4 ʚ ʢʘʯʝʩʪʚʝ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʦʛʦ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʝʨʚʳʝ 

ʧʨʝʜʣʦʞʠʣ M. Thackeray ʩ ʩʦʘʚʪʦʨʘʤʠ [12]. LiMn2O4 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ 

(ʧʨ. ʛʨ. Fd3m), ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ ʰʧʠʥʝʣʠ MgAl2O4. ɸʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʫʶʪ ʂʇʋ, ʣʠʪʠʡ 

ʟʘʥʠʤʘʝʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ 8ʘ ʧʦʟʠʮʠʠ, ʘ ʤʘʨʛʘʥʝʮ ï ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ 16d (ʈʠʩ. 1.4ʘ). 

ʉʦʝʜʠʥʸʥʥʳʝ ʨʸʙʨʘʤʠ ʦʢʪʘʵʜʨʳ MnO6 ʦʙʨʘʟʫʶʪ ʢʘʨʢʘʩ, ʧʦ ʢʘʥʘʣʘʤ ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʜʠʬʬʫʟʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʨʘʟʫʷ 3D ʜʠʬʬʫʟʠʦʥʥʳʝ ʢʘʥʘʣʳ.  

 

ʈʠʩʫʥʦʢ 1.4. ʉʪʨʫʢʪʫʨʘ LiMn2O4 (ʘ) ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʙ) ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ [13]. 

ʆʢʩʠʜ ʤʘʨʛʘʥʮʘ(III , IV)-ʣʠʪʠʷ ʩʧʦʩʦʙʝʥ ʦʙʨʘʪʠʤʦ ʜʝʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴ ʜʦ ʦʜʥʦʛʦ ʠʦʥʘ 

ʣʠʪʠʷ ʚ ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 3.5 ï 4.2 ɺ ʦʪʥ. Li
+
/Li (ʈʠʩ. 1.4); ʧʨʠ ʵʪʦʤ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 152 ʤɸʯ/ʛ. ʅʘ ʧʨʘʢʪʠʢʝ ʞʝ ʜʦʩʪʠʛʘʶʪʩʷ ʥʝʩʢʦʣʴʢʦ 

ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ, ʧʦʨʷʜʢʘ 120 ʤɸʯ/ʛ. ɺ ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʦʢʦʣʦ 3 ɺ 

ʚʦʟʤʦʞʥʘ ʠʥʪʝʨʢʘʣʷʮʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʦʥʘ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʫ LiMn2O4, ʦʜʥʘʢʦ ʧʨʦʮʝʩʩ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʦʙʨʘʪʠʤʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʫʶ ʬʘʟʫ 

Li 2Mn2O4 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʢʘʤʝʥʥʦʡ ʩʦʣʠ [13].  

ɺʪʦʨʳʤ ʦʙʰʠʨʥʳʤ ʢʣʘʩʩʦʤ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʧʦʣʠʘʥʠʦʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʯʝʨʪʦʡ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ ʩʦʝʜʠʥʝʥʠʡ ʧʦʣʠʵʜʨʠʯʝʩʢʦʡ 

ʘʥʠʦʥʥʦʡ ʛʨʫʧʧʠʨʦʚʢʠ XO4
n-

, ʥʘʧʨʠʤʝʨ, SO4
2ï

, PO4
3ï

, SiO4
4ï

, MoO4
2-

 (8). ɺʚʝʜʝʥʠʝ ʧʦʣʠʘʥʠʦʥʘ 

ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʵʥʝʨʛʠʶ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ (ʆɺ) ʧʘʨʳ M
n+

/ʄ
(n-1)+ 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʧʦʩʨʝʜʩʪʚʦʤ ʠʥʜʫʢʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ: ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ X ʚʦʟʥʠʢʘʝʪ 

ʩʠʣʴʥʘ ̫ʢʦʚʘʣʝʥʪʥʘ ̫ʩʚʷʟʴ X-O ʚ ʧʦʣʠʘʥʠʦʥʝ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʚʳʰʘʝʪ ʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ 

ʩʚʷʟʠ M-O [14]. ʇʦʪʝʥʮʠʘʣ ʆɺ ʧʘʨʳ M
n+
/ʄ

(n-1)+ 
ʧʦʥʠʞʘʝʪʩʷ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ ʠʦʥʥʦʛʦ 

ʭʘʨʘʢʪʝʨʘ ʩʚʷʟʠ ʄ-O, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʴʰʝʡ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ 

ʣʠʪʠʝʚʳʤ ʘʥʦʜʦʤ, ʘ ʟʥʘʯʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʷʯʝʡʢʠ. ʅʘ 

ʨʠʩʫʥʢʝ 1.5 ʧʨʠʚʝʜʝʥʘ ʜʠʘʛʨʘʤʤʘ, ʛʨʘʬʠʯʝʩʢʠ ʦʪʦʙʨʘʞʘʶʱʘʷ ʦʧʠʩʘʥʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘ 

ʧʨʠʤʝʨʝ ʆɺ ʧʘʨʳ Fe
n+

/Fe
(n-1)+
. ʊʘʢ, ʚ ʜʚʦʡʥʦʤ ʦʢʩʠʜʝ LiFeO2 (ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ Ŭ-NaFeO2) 
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ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʦʡ ʷʚʣʷʝʪʩʷ ʧʘʨʘ Fe
4+

/Fe
3+
. ʅʠʟʢʘʷ ʵʥʝʨʛʠʷ ʜʘʥʥʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ ʧʨʠʚʦʜʠʪ ʢ ʦʯʝʥʴ ʚʳʩʦʢʦʤʫ ʟʥʘʯʝʥʠʶ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ 

ʵʣʝʢʪʨʦʜʦʚ ʠ ʨʘʙʦʯʝʤʫ ʥʘʧʨʷʞʝʥʠʶ ʵʣʝʤʝʥʪʘ, ʢʦʪʦʨʦʝ ʥʘʭʦʜʠʪʩʷ ʚʳʰʝ ʦʢʥʘ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʘʨʘ Fe
3+

/Fe
2+

 ʥʝ ʩʧʦʩʦʙʥʘ ʦʙʝʩʧʝʯʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʝ 

ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ.  

 

ʈʠʩʫʥʦʢ 1.5. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʜʠʘʛʨʘʤʤʳ ʆɺ ʧʘʨʳ Fe
n+/(n-1)+

 ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ FeO6 ʚ ʩʪʨʫʢʪʫʨʝ ʨʘʟʣʠʯʥʳʭ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ [15]. 

ʇʨʠ ʚʚʝʜʝʥʠʠ ʘʥʠʦʥʥʦʡ ʛʨʫʧʧʠʨʦʚʢʠ XO4
n-

 ʫʜʘʝʪʩʷ ʦʪʨʝʛʫʣʠʨʦʚʘʪʴ ʵʥʝʨʛʠʶ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ Fe
3+

/Fe
2+

 ʠ ʜʦʩʪʠʛʥʫʪʴ ʧʨʠʝʤʣʝʤʦʛʦ ʨʘʙʦʯʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʤʝʥʪʘ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʝʨʛʠʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ Fe
3+

/Fe
2+

 ʦʪ ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʠ ʵʣʝʤʝʥʪʘ X ʚ ʘʥʠʦʥʝ: ʯʝʤ ʚʳʰʝ 

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʦʩʪʴ X, ʪʝʤ ʥʠʞʝ ʵʥʝʨʛʠʷ ʆɺ ʧʘʨʳ ʞʝʣʝʟʘ ʠ ʚʳʰʝ ʨʘʙʦʯʠʡ ʧʦʪʝʥʮʠʘʣ 

ʵʣʝʤʝʥʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘ ʩʯʸʪ ʚʘʨʴʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ X ʚ ʩʦʩʪʘʚʝ ʘʥʠʦʥʘ, ʚʦʟʤʦʞʥʦ 

ʨʝʛʫʣʠʨʦʚʘʪʴ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʫʯʘʝʤʦʛʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦʣʠʘʥʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ.  

ɼʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʭʘʨʘʢʪʝʨʥʦ 

ʥʘʣʠʯʠʝ ʫʩʪʦʡʯʠʚʦʛʦ ʪʨʸʭʤʝʨʥʦʛʦ ʢʘʨʢʘʩʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʘʥʠʦʥʘʤʠ XO4
n-
, ʩʦʯʣʝʥʸʥʥʳʤʠ ʩ 

ʧʦʣʠʵʜʨʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ MOm, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʧʨʠ ʦʙʨʘʪʠʤʦʡ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ, ʠ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʝʥʴʰʫʶ ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʫʶ ʸʤʢʦʩʪʴ  ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʩʠʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ (ʟʘ ʩʯʸʪ ʙʦʣʴʰʝʡ ʤʦʣʷʨʥʦʡ ʤʘʩʩʳ), ʟʥʘʯʠʪʝʣʴʥʦ 

ʧʦʚʳʰʘʝʪ ʙʝʟʦʧʘʩʥʦʩʪʴ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.   

ʗʨʢʠʤ ʧʨʠʤʝʨʦʤ ʫʩʧʝʰʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʢʘʪʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʘʥʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʷʚʣʷʝʪʩʷ ʬʦʩʬʘʪ ʞʝʣʝʟʘ(II)-ʣʠʪʠʷ LiFePO4 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʦʣʠʚʠʥʘ (Mg,Fe)2SiO4, ʢʦʪʦʨʳʡ ʙʳʣ 
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ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 1997ʛ. Padhi ʩ ʩʦʘʚʪʦʨʘʤʠ [14]. ɼʘʥʥʦʝ 

ʩʦʝʜʠʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ ʚ ʧʨ. ʛʨ. Pnma (ʨʠʩ. 1.6ʘ). ɸʪʦʤʳ 

ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʫʶʪ ʠʩʢʘʞʸʥʥʫʶ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʧʣʦʪʥʝʡʰʫʶ ʫʧʘʢʦʚʢʫ (ɻʇʋ); ʘʪʦʤʳ 

ʬʦʩʬʦʨʘ ʟʘʥʠʤʘʶʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ, ʘʪʦʤʳ ʤʝʪʘʣʣʦʚ ï ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ, ʧʨʠʯʸʤ ʞʝʣʝʟʦ 

ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʟʠʮʠʷʭ 4c, ʣʠʪʠʡ - ʚ ʧʦʟʠʮʠʷʭ 4a. ʊʝʪʨʘʵʜʨʳ PO4 ʠ ʦʢʪʘʵʜʨʳ FeO6 ʩʦʯʣʝʥʷʶʪʩʷ 

ʧʦʦʯʝʨʝʜʥʦ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ, ʦʙʨʘʟʫʷ ʪʝʤ ʩʘʤʳʤ ʫʩʪʦʡʯʠʚʳʡ ʪʨʸʭʤʝʨʥʳʡ ʢʘʨʢʘʩ, ʚ 

ʢʦʪʦʨʦʤ ʨʝʘʣʠʟʫʶʪʩʷ 1D ʢʘʥʘʣʳ ʜʣʷ ʜʠʬʬʫʟʠʠ ʣʠʪʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [010].  

       

ʈʠʩʫʥʦʢ 1.6. ʉʪʨʫʢʪʫʨʘ LiFePO4 (ʘ) ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʙ) ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ [15]. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʥʘ ʦʙʨʘʪʠʤʫʶ ʜʝʠʥʪʝʨʢʘʣʷʮʠʶ ʦʜʥʦʛʦ 

ʠʦʥʘ ʣʠʪʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ, ʩʦʩʪʘʚʣʷʝʪ 170 ʤɸʯ/ʛ. ʅʘ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʥʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 3.4 ɺ ʦʪʥ. Li
+
/Li, ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ 

ʜʚʫʭʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ (ʨʠʩ. 1.6ʙ). ɼʦʩʪʠʛʘʝʤʘʷ ʥʘ ʧʨʘʢʪʠʢʝ ʫʜʝʣʴʥʘʷ 

ʸʤʢʦʩʪʴ ʥʘʭʦʜʠʪʩʷ ʦʙʳʯʥʦ ʚ ʜʠʘʧʘʟʦʥʝ 150-160 ʤɸʯ/ʛ.  

ʄʘʪʝʨʠʘʣʳ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ 

ʍʦʪʷ ʧʨʠ ʠʟʫʯʝʥʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ, ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʝʛʦ ʥʝ 

ʧʨʠʤʝʥʷʶʪ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ. ʆʩʥʦʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʢ ʵʪʦʤʫ ʷʚʣʷʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʣʠʪʠʷ ʦʙʨʘʟʦʚʳʚʘʪʴ ʜʝʥʜʨʠʪʳ, ʢʦʪʦʨʳʝ ʧʨʦʨʘʩʪʘʶʪ ʯʝʨʝʟ ʩʝʧʘʨʘʪʦʨ ʧʨʠ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ ʨʘʙʦʪʝ ʘʢʢʫʤʫʣʷʪʦʨʘ ʠ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʢʦʨʦʪʢʦʤʫ ʟʘʤʳʢʘʥʠʶ. 

ɺ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʯʘʱʝ ʚʩʝʛʦ ʚʳʩʪʫʧʘʶʪ ʨʘʟʣʠʯʥʳʝ ʫʛʣʝʨʦʜʥʳʝ 

ʩʦʝʜʠʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʛʨʘʬʠʪ ʠ ʪʚʸʨʜʳʡ ʫʛʣʝʨʦʜ, ʦʢʩʠʜʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʪʠʪʘʥʘ (TiO2, Li 4Ti5O12), 

ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʝ ʧʨʦʩʪʳʝ ʚʝʱʝʩʪʚʘ (Si, Sn, Sb ʠ ʜʨ.), ʩʧʦʩʦʙʥʳʝ ʦʙʨʘʟʦʚʳʚʘʪʴ ʙʠʥʘʨʥʳʝ 

ʩʧʣʘʚʳ ʩ ʣʠʪʠʝʤ.  

ʘ ʙ 
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E. Ferg ʩ ʩʦʘʚʪʦʨʘʤʠ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʩʠʜ ʪʠʪʘʥʘ(IV)-ʣʠʪʠʷ Li 4Ti5O12 ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʜʣʷ LiCoO2 ʠ LiMn 2O4 ʚ 1994ʛ. [16]. Li 4Ti5O12 ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ 

ʩʝʤʝʡʩʪʚʘ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Li3+ʭTi6-ʭO12 (ʛʜʝ 0 Ò ʭ Ò 1) ʠ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʢʫʙʠʯʝʩʢʦʡ 

ʩʠʥʛʦʥʠʠ ʩ ʧʨ. ʛʨ. Fd-3m ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʪʠʧʝ ʥʦʨʤʘʣʴʥʦʡ ʰʧʠʥʝʣʠ. ɺ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʫʶʪ ʂʇʋ; ʣʠʪʠʡ ʨʘʩʧʨʝʜʝʣʸʥ ʤʝʞʜʫ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ 8ʘ 

ʧʦʟʠʮʠʷʤʠ (ʪʨʠ ʯʝʪʚʝʨʪʠ ʠʦʥʦʚ Li
+
) ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤʠ 16d (ʦʜʥʘ ʯʝʪʚʝʨʪʴ ʠʦʥʦʚ Li

+
), ʪʠʪʘʥ 

ʟʘʥʠʤʘʝʪ ʪʦʣʴʢʦ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ 16d (ʨʠʩ. 1.7ʘ). ʉʚʦʙʦʜʥʳʝ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ 

8b ʠ 48f ʧʦʜʭʦʜʷʪ ʜʣʷ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʜʦʙʘʚʦʯʥʦʛʦ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʫ ʘʥʦʜʘ, 

ʦʙʨʘʟʫʶʱʫʶ 3D ʜʠʬʬʫʟʠʦʥʥʳʝ ʢʘʥʘʣʳ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʜʦ 

ʩʦʩʪʘʚʘ Li 7Ti5O12 ʥʘ ʧʝʨʚʦʤ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʟʨʷʜʘʭ [17], ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʝ 

ʮʠʢʣʠʨʦʚʘʥʠʝ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʩʦʪʝʥ ʮʠʢʣʦʚ. 

    

ʈʠʩʫʥʦʢ 1.7. ʉʪʨʫʢʪʫʨʘ Li 4Ti5O12 (ʘ) ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʙ) ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ [18]. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ Li 4Ti5O12 ʧʨʠ ʨʘʩʯʸʪʝ ʥʘ ʪʨʠ ʠʦʥʘ ʠʥʪʝʨʢʘʣʠʨʫʝʤʦʛʦ 

ʣʠʪʠʷ ʩʦʩʪʘʚʣʷʝʪ 175 ʤɸʯ/ʛ, ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ 1.55 ɺ ʦʪʥ. Li
+
/Li  (ʨʠʩ. 1.7ʙ). ʊʘʢʦʝ ʚʳʩʦʢʦʝ 

(ʜʣʷ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ) ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʟʜʘʸʪ ʦʧʨʝʜʝʣʸʥʥʳʝ ʧʨʘʢʪʠʯʝʩʢʠʝ ʪʨʫʜʥʦʩʪʠ: 

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʨʠʝʤʣʝʤʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʦʣʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʦʢʩʠʜ 

ʪʠʪʘʥʘ(IV)-ʣʠʪʠʷ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʧʘʨʝ ʩ ʚʳʩʦʢʦʚʦʣʴʪʦʚrʤʠ ʢʘʪʦʜʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ LiCoO2 ʠ LiMn2O4. ʀʥʪʝʨʢʘʣʷʮʠʷ ʣʠʪʠʷ ʚ Li 4Ti5O12 ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʯʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʣʠʯʠʝ ʭʘʨʘʢʪʝʨʥʦʛʦ ʧʣʘʪʦ ʥʘ ʢʨʠʚʦʡ 

ʮʠʢʣʠʨʦʚʘʥʠʷ. 

ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦʠʩʧʦʣʴʟʫʝʤʳʤ ʤʘʪʝʨʠʘʣʦʤ ʘʥʦʜʘ ʷʚʣʷʝʪʩʷ ʛʨʘʬʠʪ (ʨʠʩ. 1.8). ʉʣʦʠʩʪʘʷ 

ʩʪʨʫʢʪʫʨʘ ʛʨʘʬʠʪʘ (ʧʨ. ʛʨ. P63/mmc, ɻʇʋ) ʧʦʟʚʦʣʷʝʪ ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴ ʦʜʠʥ ʠʦʥ ʣʠʪʠʷ ʥʘ 

ʢʘʞʜʳʝ ʰʝʩʪʴ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʫʷ ʪʝʤ ʩʘʤʳʤ ʩʦʝʜʠʥʝʥʠʝ ʥʦʤʠʥʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ LiC6, ʯʪʦ 

ʵʢʚʠʚʘʣʝʥʪʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ 372 ʤɸʯ/ʛ. ʀʥʪʝʨʢʘʣʷʮʠʷ ʣʠʪʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʙ ʘ 
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ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Li xC (0 < ʭ Ò 1) ʧʨʠ ʜʦʚʦʣʴʥʦ 

ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʧʦʨʷʜʢʘ 0.2 ɺ ʦʪʥ. Li
+
/Li  [19]. ʅʠʟʢʦʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʛʨʘʬʠʪʘ ʥʘʨʷʜʫ 

ʩ ʝʛʦ ʜʝʰʝʚʠʟʥʦʡ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʢʨʘʡʥʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ ʢʦʤʤʝʨʯʝʩʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ.  

  

ʈʠʩʫʥʦʢ 1.8. ʉʪʨʫʢʪʫʨʘ ʛʨʘʬʠʪʘ (ʘ) ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʚʠʜ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʙ) ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ [19]. 

ʆʜʥʘʢʦ ʫ ʛʨʘʬʠʪʘ ʝʩʪʴ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ: 

ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʸʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ, ʤʝʜʣʝʥʥʫʶ ʜʠʬʬʫʟʠʶ ʠʦʥʦʚ 

Li
+
 ʚ ʤʝʞʩʣʦʝʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʛʨʘʬʠʪʘ ʠ ʜʨ.  

ʇʨʠʚʝʜʸʥʥʳʝ ʚʳʰʝ ʧʨʠʤʝʨʳ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʷʨʢʠʤʠ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʢʣʘʩʩʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʨʘʟʥʦʡ ʨʘʟʤʝʨʥʦʩʪʴʶ 

ʜʠʬʬʫʟʠʦʥʥʳʭ ʢʘʥʘʣʦʚ ʦʪ 1D (LiFePO4) ʜʦ 3D (LiMn2O4 ʠ Li 4Ti5O12). ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʩʝ 

ʦʥʠ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʃʀɸ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʫʛʣʫʙʣʝʥʥʦʝ ʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ, ʤʝʭʘʥʠʟʤʦʚ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ, ʩʧʦʩʦʙʦʚ ʧʦʚʳʰʝʥʠʷ ʠʦʥʦ- ʠ ʵʣʝʢʪʨʦʥʦ-

ʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʠʟʚʝʩʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɸʢʪʠʚʥʦ ʚʝʜʸʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʧʦʜʭʦʜʷʱʠʭ ʥʘ ʨʦʣʴ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʩʤʦʛʣʠ ʙʳ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʪʨʝʙʦʚʘʥʠʷʤ 

ʙʝʟʦʧʘʩʥʦʩʪʠ, ʵʢʦʣʦʛʠʯʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ ʠ ʵʥʝʨʛʦʸʤʢʦʩʪʠ, ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʠ ʥʠʟʢʦʡ 

ʩʪʦʠʤʦʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨʦʚ.  

1.1.3 ʈʘʟʥʦʚʠʜʥʦʩʪʠ ʤʝʪʘʣʣ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ  

ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʘʢʪʠʚʥʦ ʚʝʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʟʣʠʯʥʳʭ ʄʀɸ, 

ʨʘʙʦʪʘʶʱʠʭ ʧʦ ʪʝʤ ʞʝ ʧʨʠʥʮʠʧʘʤ, ʯʪʦ ʠ ʣʠʪʠʡ-ʠʦʥʥʳʝ, ʦʜʥʘʢʦ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʚʠʞʥʳʭ ʠʦʥʦʚ ʚ 

ʥʠʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʦʥʳ ʜʨʫʛʠʭ ʤʝʪʘʣʣʦʚ: ʥʘʪʨʠʷ, ʢʘʣʠʷ, ʤʘʛʥʠʷ, ʘʣʶʤʠʥʠʷ. ɼʚʠʞʫʱʝʡ ʩʠʣʦʡ 

ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʙʦʣʝʝ ʜʝʰʸʚʦʡ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʳ 

ʃʀɸ.  

ʘ ʙ 
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ɺ ʪʘʙʣʠʮʝ 1.1 ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʤʝʪʘʣʣʦʚ, ʘʢʢʫʤʫʣʷʪʦʨʳ ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʚ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʘʢʪʠʚʥʦ 

ʠʟʫʯʘʶʪʩʷ. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʣʠʪʠʷ ʷʚʣʷʶʪʩʷ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʝʛʦ ʤʘʣʘʷ ʤʘʩʩʘ ʠ ʥʝʙʦʣʴʰʦʡ 

ʠʦʥʥʳʡ ʨʘʜʠʫʩ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʘʢʢʫʤʫʣʷʪʦʨʘʤ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʚʳʩʦʢʫʶ ʫʜʝʣʴʥʫʶ ʵʥʝʨʛʠ ʁʠ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʯʠʭ ʮʠʢʣʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʧʦʩʢʦʣʴʢʫ ʥʝʙʦʣʴʰʦʡ ʧʦ ʨʘʟʤʝʨʫ ʠʦʥ Li
+
 

ʥʝ ʚʳʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʢʘʞʝʥʠʡ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʢʪʨʦʜʦʚ ʧʨʠ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ. ɹʦʣʝʝ ʪʦʛʦ, ʯʝʤ ʥʠʞʝ ʆɺ ʧʦʪʝʥʮʠʘʣ ʧʘʨʳ M
+
/M, ʪʝʤ ʙʦʣʴʰʝ ʨʘʟʥʦʩʪʴ 

ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ, ʘ ʟʥʘʯʠʪ ʚʳʰʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʘʢʢʫʤʫʣʷʪʦʨʘ. 

ʇʦʩʢʦʣʴʢʫ ʧʦʪʝʥʮʠʘʣ ʧʘʨʳ Li
+
/Li  ʥʘʠʤʝʥʴʰʠʡ ʩʨʝʜʠ ʚʩʝʭ ʤʝʪʘʣʣʦʚ, ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ ʘʥʦʜʦʤ ʥʘ 

ʦʩʥʦʚʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʙʫʜʫʪ ʦʙʣʘʜʘʪʴ ʥʘʠʙʦʣʴʰʠʤ ʨʘʙʦʯʠʤ ʥʘʧʨʷʞʝʥʠʝʤ. ʆʜʥʘʢʦ, ʢʘʢ 

ʫʞʝ ʛʦʚʦʨʠʣʦʩʴ ʚʳʰʝ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʢʦʤʤʝʨʯʝʩʢʠʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʘʥʦʜʘ ʜʣʷ ʃʀɸ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʨʘʬʠʪ, ʭʦʪʷ 

ʩʝʡʯʘʩ ʘʢʪʠʚʥʦ ʚʝʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠ ̫ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʣʠʪʠʷ ʜʣʷ ʝʛʦ ʩʪʘʙʠʣʠʟʘʮʠʠ [20].  

ʊʘʙʣʠʮʘ 1.1. ʉʨʘʚʥʝʥʠʝ ʥʝʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʪʘʣʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʄʀɸ [21, 22]. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ  Li
+
 Na

+
 K

+
 Mg

2+
 Al

3+
 

ʂʘʪʠʦʥʥʳʡ ʨʘʜʠʫʩ (¡) 0.76 1.02 1.38 0.72 0.54 

M (ʛ/ʤʦʣʴ) 6.94 22.99 39.10 24.31 26.98 

E
ʦ
 (ɺ, M

+
/M ʦʪʥ. ʉɺʕ) -3.04 -2.71 -2.93 -2.37 -1.66 

ɿʘʨʷʜ / ʤʦʣʴ 1F* 1F 1F 2F 3F 

ʈʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʚ ɿʝʤʥʦʡ 

ʢʦʨʝ, (ppm ʧʦ ʤʘʩʩʝ) 
20 23000 21000 23000 82000 

ʋʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʵʣʝʢʪʨʦʜʘ 

(ʤɸʯ/ʛ)  

3862 1166 686 2205 2980 

*F ï ʧʦʩʪʦʷʥʥʘʷ ʌʘʨʘʜʝʷ 

ɼʨʫʛʦʡ ʧʨʦʙʣʝʤʦʡ ʃʀɸ ʩʯʠʪʘʝʪʩʷ ʥʠʟʢʘʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʣʠʪʠʷ ʚ ʧʨʠʨʦʜʝ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʝʛʦ ʠʩʪʦʯʥʠʢʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʩʠʥʪʝʟʘ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ɹʦʣʝʝ ʪʦʛʦ, ʜʦ ʩʠʭ ʧʦʨ ʚʦ ʤʥʦʛʠʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ ʚ ʦʩʥʦʚʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

LiCoO2, ʩʦʜʝʨʞʘʱʠʡ ʪʦʢʩʠʯʥʳʡ ʢʦʙʘʣʴʪ.  

ɺ ʦʪʥʦʰʝʥʠʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʠ ʩʪʦʠʤʦʩʪʠ ʨʝʩʫʨʩʦʚ ʦʩʪʘʣʴʥʳʝ ʤʝʪʘʣʣʳ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʳʠʛʨʳʚʘʶʪ ʫ ʣʠʪʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʥʦʛʦʚʘʣʝʥʪʥʳʭ ʠʦʥʦʚ ʤʘʛʥʠʷ ʠ ʘʣʶʤʠʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪ 

ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʠʤ 

ʟʥʘʯʝʥʠʷʤ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ. ɹʦʣʝʝ ʪʦʛʦ, Mg ʥʝ ʦʙʨʘʟʫʝʪ ʜʝʥʜʨʠʪʦʚ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ, ʘ Al  

ʫʩʪʦʡʯʠʚ ʢ ʢʦʨʨʦʟʠʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʚʠʜʝ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [23, 24]. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ 

ʧʨʝʧʷʪʩʪʚʠʡ ʥʘ ʧʫʪʠ ʢ ʢʦʤʤʝʨʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʠʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ: ʥʠʟʢʘʷ ʢʠʥʝʪʠʢʘ 
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ʧʨʦʮʝʩʩʦʚ ʜʠʬʬʫʟʠʠ, ʧʘʩʩʠʚʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʚʦʜʥʳʭ 

ʵʣʝʢʪʨʦʣʠʪʦʚ, ʤʝʥʴʰʝʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ, ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʘʪʝʨʠʘʣʦʚ, 

ʩʧʦʩʦʙʥʳʭ ʦʙʨʘʪʠʤʦ ʠʥʪʝʨʢʘʣʠʨʦʚʘʠʪʴ ʠʦʥʳ Mg
2+

 ʠ Al
3+

 [23, 24].  

ʍʠʤʠʷ ʥʘʪʨʠʷ ʠ ʢʘʣʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʩʭʦʞʘ ʩ ʭʠʤʠʝʡ ʣʠʪʠʷ. ʊʘʢ, ʤʥʦʛʠʝ 

ʩʦʝʜʠʥʝʥʠʷ, ʩʧʦʩʦʙʥʳʝ ʢ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ Na
+
 ʠ K

+
 ʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ 

ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘʥʘʣʦʛʠʯʥʳ ʧʦ ʩʪʨʫʢʪʫʨʝ ʠ ʩʦʩʪʘʚʫ ʣʠʪʠʡ-ʩʦʜʝʨʞʘʱʠʤ 

ʩʦʝʜʠʥʝʥʠʷʤ. ɺ ʢʘʯʝʩʪʚʝ ʠʥʪʝʨʢʘʣʣʷʮʠʦʥʥʦʛʦ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʦʥʦʚ ʢʘʣʠʷ, ʢʘʢ ʠ ʜʣʷ 

ʠʦʥʦʚ ʣʠʪʠʷ, ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʘʬʠʪʘ [25]. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ ʥʘʪʨʠʷ 

ʚ ʤʝʞʩʣʦʝʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʛʨʘʬʠʪʘ ʥʝʟʥʘʯʠʪʝʣʴʥʘ ʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʳʭ ʟʥʘʯʝʥʠʡ 

ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ. ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʫʱʝʩʪʚʫʝʪ ʜʦʩʪʦʡʥʘʷ ʘʣʴʪʝʨʥʘʪʠʚʘ ʛʨʘʬʠʪʫ ï ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ ʥʝʛʨʘʬʠʪʠʟʠʨʫʝʤʳʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʡ ʪʚʸʨʜʳʡ ʫʛʣʝʨʦʜ (hard carbon), 

ʧʦʣʫʯʘʝʤʳʡ ʧʠʨʦʣʠʟʦʤ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ. ʇʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʪʚʸʨʜʦʛʦ 

ʫʛʣʝʨʦʜʘ ʚ ʥʘʪʨʠʝʚʦʡ ʧʦʣʫʷʯʝʡʢʝ ʫʜʘʸʪʩʷ ʜʦʩʪʠʯʴ ʦʙʨʘʪʠʤʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʩʚʳʰʝ 220 

ʤɸʯ/ʛ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʙʦʣʝʝ 100 ʮʠʢʣʦʚ, ʘ ʧʦʣʥʘʷ ʷʯʝʡʢʘ ʩ ʢʘʪʦʜʦʤ ʥʘ ʦʩʥʦʚʝ NaNi0.5Mn0.5O2 

ʜʦʩʪʠʛʘʝʪ ʦʙʨʘʪʠʤʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʴ ʙʦʣʝʝ 200 ʤɸʯ/ʛ ʧʨʠ ʨʘʙʦʯʝʤ ʥʘʧʨʷʞʝʥʠʠ ʚ 3 ɺ, ʯʪʦ 

ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʘʥʘʣʦʛʠʯʥʳʤ ʧʦʢʘʟʘʪʝʣʷʤʠ ʜʣʷ ʃʀɸ [26]. ɹʦʣʝʝ ʪʦʛʦ, ʪʚʸʨʜʳʡ ʫʛʣʝʨʦʜ ʪʘʢʞʝ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʢʘʣʠʷ ʠ ʣʠʪʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʤʦʞʥʘ ʟʘʤʝʥʘ ʪʠʧʘ 

ʧʦʜʚʠʞʥʦʛʦ ʠʦʥʘ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʘʨʭʠʪʝʢʪʫʨʳ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʯʪʦ ʜʦʣʞʥʦ 

ʦʙʣʝʛʯʠʪʴ ʥʘʯʘʣʦ ʩʝʨʠʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʄʀɸ. ʆʜʥʘʢʦ ʥʘʪʨʠʡ ʠ ʢʘʣʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʪʷʞʝʣʝʝ 

ʣʠʪʠʷ, ʵʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʢʘʣʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʪʦʣʴʢʦ ʥʘʯʘʣʠ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʪʴʩʷ [25].  

ʍʦʪʷ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʠ ʦʜʥʘ ʠʟ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʘʣʴʪʝʨʥʘʪʠʚ ʥʝ ʙʫʜʝʪ ʩʧʦʩʦʙʥʘ 

ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʥʠʪʴ ʃʀɸ, ʢʘʞʜʘʷ ʪʝʭʥʦʣʦʛʠʷ ʟʘʡʤʸʪ ʩʚʦʶ ʥʠʰʫ ʥʘ ʨʳʥʢʝ ʭʠʤʠʯʝʩʢʠʭ 

ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ. ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʠʤʠ ʢ ʢʦʤʤʝʨʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ 

ʷʚʣʷʶʪʩʷ ʅʀɸ [24]. ʆʥʠ ʫʞʝ ʥʘʭʦʜʷʪʩʷ ʥʘ ʩʪʘʜʠʠ ʧʨʦʪʦʪʠʧʠʨʦʚʘʥʠʷ ʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢʘʢ ʠʩʪʦʯʥʠʢʠ ʪʦʢʘ ʜʣʷ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʫʩʪʨʦʡʩʪʚ. 
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1.2 ʂʘʪʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ 

ʇʦʠʩʢ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʚʝʜʸʪʩʷ ʧʦ ʧʨʠʥʮʠʧʫ 

ʩʪʨʫʢʪʫʨʥʦʡ ʘʥʘʣʦʛʠʠ ʩ ʣʠʪʠʡ-ʠʦʥʥʳʤʠ. ʊʘʢ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʢʘʪʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ 

ʨʷʜʘ ʦʢʩʠʜʦʚ, ʚ ʪ.ʯ. NaCoO2, NaNi1/3Mn1/3Co1/3O2, NaNi0.5Mn0.5O2, ʧʦʣʠʘʥʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ 

ʪ.ʯ. NaFePO4, ʠ ʜʨʫʛʠʝ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʪʨʫʢʪʫʨʥʦʝ ʧʦʜʦʙʠʝ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʠ 

ʨʘʙʦʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʠʭ ʣʠʪʠʝʚʳʭ 

ʘʥʘʣʦʛʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʭ ʩʨʝʜʥʝʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʜʦʩʪʠʛʘʝʤʘʷ 

ʦʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʤʝʥʴʰʝ, ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʣʠʯʠʝ ʚ ʤʝʭʘʥʠʟʤʝ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ 

ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ [27].  

ɸʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [28] ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʳʭ 

ʩʨʘʚʥʠʚʘʣʠʩʴ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ, ʩʪʨʫʢʪʫʨʥʘ ̫ ʩʪʘʙʠʣʴʥʦʩʪ ɹ ʠ ɻ ʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨ r

ʜʠʬʬʫʟʠʠ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʥʝʢʦʪʦʨʳʭ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʭ ʥʘʪʨʠʡ- ʠ ʣʠʪʠʡ-ʩʦʜʝʨʞʘʱʠʭ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʦʝʜʠʥʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʢʣʘʩʩʦʚ, 

ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʃʀɸ: ʩʣʦʠʩʪʳʝ ʦʢʩʠʜʳ AMO2 (M = Co, 

Ni, Ti), ʬʦʩʬʘʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʦʣʠʚʠʥʘ AMPO4 (M = Fe, Mn, Co, Ni), NASICON-ʧʦʜʦʙʥʳʝ 

ʬʦʩʬʘʪʳ A3V2(PO4)3, ʛʜʝ A = Na, Li . ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʥʘʪʨʠʷ 

ʜʣʷ ʚʳʙʨʘʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ʥʠʞʝ ʥʘʧʨʷʞʝʥʠʷ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ, ʦʜʥʘʢʦ, ʥʝ 

ʚʩʝʛʜʘ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʟʥʠʮʝʡ ʧʦʪʝʥʮʠʘʣʦʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʘʨ Na
+
/Na ʠ 

Li
+
/Li  (ȹV = 0.33 ɺ); ʨʘʟʣʠʯʠʝ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 0.18ï0.57 ɺ (ʨʠʩ. 1.9).  

 

ʈʠʩʫʥʦʢ 1.9. ʅʘʧʨʷʞʝʥʠʝ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ Na
+
 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ Li
+
. ʎʚʝʪʥʳʝ ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʫʢʘʟʳʚʘʶʪ ʨʘʟʥʠʮʫ ʥʘʧʨʷʞʝʥʠʡ ȹVNaïLi ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʷ ʦʜʠʥʘʢʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ [28]. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʧʨʷʞʝʥʠʷ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ 

ʦʪ ʩʪʨʫʢʪʫʨʳ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʯʠʪʘʝʪʩʷ ʪʘʢʞʝ, ʯʪʦ ʙʦʣʝʝ ʥʠʟʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ 

ʥʘʪʨʠʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʚʷʟʘʥʳ ʩ ʛʦʨʘʟʜʦ ʤʝʥʴʰʠʤ ʚʳʠʛʨʳʰʝʤ ʵʥʝʨʛʠʠ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʠʦʥʦʚ 

Na
+
 ʚ ʩʪʨʫʢʪʫʨʫ ʭʦʟʷʠʥʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʦʥʘʤʠ Li

+
.  

ʅʘʪʨʠʝʚʳʝ ʠ ʣʠʪʠʝʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʜʥʦʛʦ ʢʣʘʩʩʘ ʟʘʯʘʩʪʫʶ ʦʙʣʘʜʘʶʪ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʨʘʟʣʠʯʠʷʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ AMO2 ʯʘʱʝ ʠʤʝʶʪ ʢʘʢ ʥʘʪʨʠʝʚʳʝ, ʪʘʢ ʠ 

ʣʠʪʠʝʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʜʣʷ 

ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ AMPO4 ʠ NASICON-ʧʦʜʦʙʥʳʭ A3V2(PO4)3 ʥʘʪʨʠʝʚʳʝ ʠ ʣʠʪʠʝʚʳʝ 

ʧʨʦʠʟʚʦʜʥʳʝ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʨʘʟʥʳʭ ʩʠʥʛʦʥʠʷʭ. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʪʠʧʘʭ 

ʙʘʨʴʝʨʳ ʤʠʛʨʘʮʠʠ Na
+
 ʤʦʛʫʪ ʙʳʪʴ ʥʠʞʝ, ʯʝʤ ʙʘʨʴʝʨʳ ʤʠʛʨʘʮʠʠ Li

+
. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʦʜʥʦʛʦ ʣʠʰʴ ʧʨʠʥʮʠʧʘ ʘʥʘʣʦʛʠʠ ʥʝʣʴʟʷ ʧʨʝʜʩʢʘʟʘʪʴ ʙʫʜʝʪ ʣʠ ʚʳʙʨʘʥʥʦʝ ʥʘʪʨʠʝʚʦʝ 

ʩʦʝʜʠʥʝʥʠʝ ʦʙʣʘʜʘʪʴ ʥʝʦʙʭʦʜʠʤʳʤʠ ʜʣʷ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʠ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʉʨʝʜʠ ʥʘʪʨʠʡ-ʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʝʪʝʥʜʫʶʱʠʭ ʥʘ ʨʦʣʴ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʥʝʩʢʦʣʴʢʦ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ, ʯʴʠ ʨʘʙʦʯʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʣʠʪʠʝʚʳʤʠ ʢʘʪʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. ʈʝʯʴ ʠʜʸʪ ʦ ʬʦʩʬʘʪʝ ʠ 

ʬʪʦʨʠʜ-ʬʦʩʬʘʪʝ ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ.  

1.2.1  Na3V2(PO4)3 

ʈʝʟʫʣʴʪʘʪʳ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʧʦʠʩʢʘ ʧʦ ʙʘʟʝ ʜʘʥʥʳʭ Web of Science ʧʦ ʟʘʧʨʦʩʫ 

çNa3V2(PO4)3è ʦʭʚʘʪʳʚʘʶʪ 189 ʩʪʘʪʝʡ. ʇʝʨʚʦʝ ʫʢʘʟʘʥʠʝ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʧʦʷʚʠʣʦʩʴ ʚ 2003 ʛʦʜʫ ʚ ʢʥʠʛʝ [7], ʥʦ ʨʝʟʢʠʡ ʨʦʩʪ ʯʠʩʣʘ 

ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʜʘʥʥʦʡ ʪʝʤʘʪʠʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʦʩʣʝ 2014 ʛʦʜʘ, ʚ 2018 ʛʦʜʫ ʙʳʣʦ 

ʦʧʫʙʣʠʢʦʚʘʥʦ 50 ʩʪʘʪʝʡ, ʧʦʩʚʷʱʸʥʥʳʭ Na3V2(PO4)3. ʅʘʙʣʶʜʘʝʤʘʷ ʪʝʥʜʝʥʮʠʷ ʩʦʚʧʘʜʘʝʪ ʩ 

ʨʦʩʪʦʤ ʠʥʪʝʨʝʩʘ ʢ ʅʀɸ ʚ ʮʝʣʦʤ, ʦʜʥʘʢʦ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʦʪʨʘʞʘʝʪ ʚʳʩʦʢʫʶ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ.  

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

Na3V2(PO4)3 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ R-3ʩ. 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʫ  ʁ ʩʪʨʫʢʪʫʨʫ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ Na3V2(PO4)3 ʧʨʠʥʷʪʦ ʦʧʠʩʳʚʘʪʴ ʢʘʢ 

ʪʨʝʭʤʝʨʥʳʡ ʢʘʨʢʘʩ, ʚʢʣʶʯʘʶʱʠʡ ʪʝʪʨʘʵʜʨʳ PO4 ʠ ʦʢʪʘʵʜʨʳ VO6, ʩʦʝʜʠʥʸʥʥʳʝ ʤʝʞʜʫ ʩʦʙʦʡ 

ʚʝʨʰʠʥʘʤʠ ʯʝʨʝʟ ʦʙʱʠʡ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʚʘ ʦʢʪʘʵʜʨʘ VO6 ʩʚʷʟʘʥʳ ʩ ʪʨʝʤʷ 

ʪʝʪʨʘʵʜʨʘʤʠ PO4, ʦʙʨʘʟʫʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʥʳʡ ʤʦʪʠʚ [V2(PO4)3]3, ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʝ çʬʦʥʘʨʠʢʠè, ʦʙʲʝʜʠʥʸʥʥʳʝ ʚ ʮʝʧʠ ʚʜʦʣʴ ʦʩʠ ʩ. ʀʦʥr Na
+
 ʟʘʥʠʤʘʪʁ ʧʦʟʠʮʠʠ M1 

(6b), ʰʝʩʪʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʠ ʚʦʩʴʤʠʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʧʦʟʠʮʠʠ M2 
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(18e) ʚ ʤʝʞʜʦʫʟʣʠʷʭ. ʇʦʟʠʮʠʠ M1 ʨʘʩʧʦʣʦʞʝʥʳ ʤʝʞʜʫ ʜʚʫʤʷ ʩʤʝʞʥʳʤʠ ʙʣʦʢʘʤʠ [V2(PO4)3] ʚ 

ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʮʝʧʠ çʬʦʥʘʨʠʢʦʚè, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʟʠʮʠʠ M2 ʨʘʩʧʦʣʦʞʝʥʳ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ 

ʮʝʧʷʤʠ [V2(PO4)3], ʧʨʠʯʸʤ ʟʘʩʝʣʸʥʥʦʩʪʴ ʧʦʟʠʮʠʡ M1 ʠ M2 ʠʦʥʘʤʠ ʥʘʪʨʠʷ ʨʘʟʣʠʯʥʘ (ʨʠʩ. 1.10). 

ʊʘʢʘ ̫ʪʦʧʦʣʦʛʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʠʵʜʨʦʚ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʩʪʨʫʢʪʫʨʥʦ-ʠʟʦʤʦʨʬʥʳʭ ʢʘʨʢʘʩʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ NASICON (Na Super Ion CONductor) ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ AMMôP3O12 [29]. ʇʨʠ 

ʩʦʭʨʘʥʝʥʠʠ ʪʦʧʦʣʦʛʠʠ, ʢ NASICON ʤʦʛʫʪ ʦʪʥʦʩʠʪʴʩʷ ʩʦʝʜʠʥʝʥʠʷ, ʦʙʣʘʜʘʶʱʠʝ 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ (ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʩʠʩʪʝʤ), ʤʦʥʦʢʣʠʥʥʦʡ, ʪʨʠʢʣʠʥʥʦʡ ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʚʝʣʠʯʠʥʳ ʠʭ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʥʘʣʠʯʠʷ Na 

ʚ ʩʦʩʪʘʚʝ [29].  

 

ʈʠʩʫʥʦʢ 1.10. ʆʨʠʝʥʪʘʮʠʷ ʦʩʥʦʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʪʠʚʦʚ ʚ ʩʪʨʫʢʪʫʨʝ NASICON ʩ 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ [30]. ʇʦʟʠʮʠʠ ʄ1 ʦʙʦʟʥʘʯʝʥʳ 

ʟʘʢʨʘʰʝʥʥʳʤʠ ʢʨʫʛʘʤʠ, ʧʦʟʠʮʠʠ ʄ2 ï ʧʫʩʪʳʤʠ. 

ʇʫʪʠ ʤʠʛʨʘʮʠʠ ʥʘʪʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)3 ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʝʪʦʜʦʤ DFT [31]. 

ɼʚʠʞʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʚʘʢʘʥʩʠʦʥʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʯʝʨʝʟ ʩʦʩʝʜʥʠʝ ʧʦʟʠʮʠʠ 

ʄ1 ʠʣʠ ʄ2. ʅʘʠʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʷʚʣʝ̫ʪʩʷ ʜʠʬʬʫʟʠʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ a ʠ b 

(ʨʠʩ. 1.11ʘ ʠ 1.11b), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʷʤʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʚ ʩʦʩʝʜʥʶʶ ʧʦʟʠʮʠʶ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ c ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʳʞʢʘ. ʆʜʥʘʢʦ 

ʚʦʟʤʦʞʥʦ ʜʚʠʞʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ c ʧʦ ʠʩʢʨʠʚʣʝʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ (ʨʠʩ. 

1.11c). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ Na3V2(PO4)3 ʨʝʘʣʠʟʫʶʪʩʷ 3D ʜʠʬʬʫʟʠʦʥʥʳʝ ʢʘʥʘʣʳ.  
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ʈʠʩʫʥʦʢ 1.11 ɺʦʟʤʦʞʥʳʝ ʧʫʪʠ ʤʠʛʨʘʮʠʠ ʥʘʪʨʠʷ ʚ Na3V2(PO4)3 [31]. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺ 2010ʛ. L. Plashnitsa ʩ ʩʦʘʚʪʦʨʘʤʠ [32] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ Na3V2(PO4)3 ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 0.9 ï 4.8 ɺ (ʦʪʥ. Na
+
/Na). ʅʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ 

ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʧʦʣʫʷʯʝʡʢʝ (ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜ ï 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʥʘʪʨʠʡ, ʵʣʝʢʪʨʦʣʠʪ ï ʨʘʩʪʚʦʨ NaClO4 ʚ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʝ (ʇʂ)) ʥʘʙʣʶʜʘʪʁʩʷ 

ʜʚʝ ʦʙʣʘʩʪʠ (ʨʠʩ. 1.12). ɺ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʪʦ 

ʧʨʠ 3.4 ɺ ʦʪʥ. Na
+
/Na, ʩʚʷʟʘʥʥʦʝ ʩ ʦʢʠʩʣʝʥʠʝʤ ʚʘʥʘʜʠʷ V

+3
  V

+4
, ʸʤʢʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʚʣʝʯʝʥʠʶ ~1.7 ʤʦʣʴ ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ Na3V2(PO4)3. 

ʊʝʦʨʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʦ ʠʟʚʣʝʯʝʥʠʝ 3ʭ ʠʦʥʦʚ Na
+
 ʧʨʠ ʨʘʩʯʸʪʝ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ 

Na3V2(PO4)3, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ 177 ʤɸʯ/ʛ, ʦʜʥʘʢʦ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʪʨʝʪʴʝʛʦ 

ʠʦʥʘ ʥʝʦʙʭʦʜʠʤʦ ʝʱʸ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʥʘʭʦʜʠʪʩʷ ʚʥʝ ʦʢʥʘ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ.  

 

ʈʠʩʫʥʦʢ 1.12. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʢʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 

0.9 - 4.8 ɺ ʚ ʧʦʣʫʷʯʝʡʢʝ ʩ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Na ʠ ʵʣʝʢʪʨʦʣʠʪʦʤ ʥʘ ʦʩʥʦʚʝ 

NaClO4 [32]. 
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ʇʨʠ ʨʘʟʨʷʜʝ ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʦʢʦʣʦ 

1.6 ʠ 1.0 ɺ ʦʪʥ. Na
+
/Na, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʚʘʥʘʜʠʷ V

+3
  V+2

 ʠ ʚʚʝʜʝʥʠʶ 

~2 ʠʦʥʦʚ ʥʘʪʨʠʷ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʜʦ ʩʦʩʪʘʚʘ Na5V2(PO4)3. ʆʜʥʘʢʦ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʟʘʨʷʜʝ 

ʧʣʘʪʦ ʧʨʠ 1.0 ɺ ʠʩʯʝʟʘʝʪ, ʘ ʧʨʠ 1.6 ɺ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʣʦʛʠʡ ʫʯʘʩʪʦʢ; ʸʤʢʦʩʪ ɹʢʦʪʦʨʦʛʦ ʢ ʙʣʠʟʢʘ 

36 ʤɸʯ/ʛ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʨʢʘʣʷʮʠʠ ʪʦʣʴʢʦ 0.6 ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ. 

ʂʫʣʦʥʦʚʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ (ʦʪʥʦʰʝʥʠʝ ʸʤʢʦʩʪʠ ʟʘʨʷʜʘ ʢ ʸʤʢʦʩʪʠ ʨʘʟʨʷʜʘ) ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʡ ʠ 

ʥʠʟʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʝʡ ʩʦʩʪʘʚʠʣʘ 85 ʠ 31% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʝʨʦʷʪʥʦ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʦʝ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʣʘʪʦ ʧʨʠ 1.0 ɺ ʦʪʨʘʞʘʝʪ ʧʦʙʦʯʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʜʘ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ. 

ʕʪʦ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʘʙʦʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ (DFT) ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʳ ʥʘʧʨʷʞʝʥʠʷ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʳ ʨʝʘʢʮʠʠ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʚ Na3V2(PO4)3. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʪʝʨʢʘʣʷʮʠʷ 

ʦʜʥʦʛʦ ʠʦʥʘ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʪʨʠʷ ʜʦ ʩʦʩʪʘʚʘ Na4V2(PO4)3 ʚʦʟʤʦʞʥʘ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʦʢʦʣʦ 1.9 ɺ 

(ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 1.6 ɺ), ʘ ʠʥʪʝʨʢʘʣʷʮʠʷ ʚʪʦʨʦʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʜʦ ʩʦʩʪʘʚʘ Na5V2(PO4)3 

ʚʦʟʤʦʞʥʘ ʫʞʝ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʦʤ ʥʘʧʨʷʞʝʥʠʠ ʧʦʨʷʜʢʘ 0.3 ɺ [33, 34].  

ɼʚʫʭʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʠʟ ʩʪʨʫʢʪʫʨ rNa3V2(PO4)3 ʙʳʣ 

ʥʝʦʜʥʦʢʨʘʪʥʦ ʧʦʜʪʚʝʨʞʜʸʥ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʪʘʭ ʤʝʪʦʜʦʤ in situ ʈʌɸ (35, 36). ɺ ʥʘʯʘʣʝ ʟʘʨʷʜʘ 

ʵʣʝʢʪʨʦʜʘ (ʠʟʚʣʝʯʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ) ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʬʘʟʘ Na3V2(PO4)3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʪʠʧʘ NASICON (ʧʨ. ʛʨ. R-3c). ʇʨʠ ʧʨʦʜʦʣʞʝʥʠʠ ʟʘʨʷʜʘ ʚ ʦʙʣʘʩʪʠ ʧʣʘʪʦ ʧʨʠ 3.4 ɺ ʥʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʧʦʷʚʣʷʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʥʦʚʳʭ ʨʝʬʣʝʢʩʦʚ, ʧʨʠʯʸʤ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪ ɹ

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʟʘʨʷʜʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪ ɹ ʨʝʬʣʝʢʩʦʚ 

Na3V2(PO4)3 ʫʤʝʥʴʰʘʝʪʩʷ; ʵʪʠ ʨʝʬʣʝʢʩʳ ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʶʪ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 3.7 ɺ. ʇʨʠ 

ʨʘʟʨʷʜʝ ʜʦ 2.7 ɺ ʥʘʙʣʶʜʘʝʤʳʡ ʧʨʦʮʝʩʩ ʦʙʨʘʱʘʝʪʩʷ. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʦʣʥʦʩʪʴʶ ʟʘʨʷʞʝʥʥʦʛʦ 

ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʦʚʧʘʜʘʝʪ ʩ ʜʠʬʨʘʢʪʦʛʨʘʤʤʦʡ NaV2(PO4)3 (ʧʨ. ʛʨ. R-3c), ʧʦʣʫʯʝʥʥʦʛʦ 

ʠʟ Na3V2(PO4)3 ʭʠʤʠʯʝʩʢʠʤ ʦʢʠʩʣʝʥʠʝʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʣʘʩʪʠ ʧʣʘʪʦ ʩʦʩʫʱʝʩʪʚʫʶʪ ʜʚʝ 

ʬʘʟʳ Na3V2(PO4)3 (ʧʨ. ʛʨ. R-3ʩ) ʠ NaV2(PO4)3 (ʧʨ. ʛʨ. R-3c), ʧʨʠʯʸʤ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ ʪʘʢʦʤ ʩʪʨʫʢʪʫʨʥʦʤ ʧʝʨʝʭʦʜʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 8.26 %, ʯʪʦ 

ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʦʙʲʸʤʘ LiFePO4 (ʦʢʦʣʦ 6.8%), ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʢʦʤʤʝʨʯʝʩʢʠʭ ʃʀɸ. 

ʀʥʪʝʨʢʘʣʷʮʠʷ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʪʨʠʷ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʪʘʢʞʝ ʧʨʦʪʝʢʘʝʪ ʧʦ 

ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʙʦʪʦʡ [37], ʩʫʱʝʩʪʚʫʝʪ ʜʚʝ ʜʚʫʭʬʘʟʥʳʝ ʦʙʣʘʩʪʠ, 

ʢʦʪʦʨʳʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʚʘ ʧʣʘʪʦ ʥʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ~1.6 ɺ ʠ ~0.3 

ɺ. ʉʦʛʣʘʩʥʦ ʚʳʚʦʜʘʤ ʘʚʪʦʨʦʚ, ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 1.6 ɺ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʨʢʘʣʷʮʠʷ ʪʦʣʴʢʦ ʦʜʥʦʛʦ 

ʠʦʥʘ ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ Na3V2(PO4)3, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʪʦʨʦʝ ʧʣʘʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʫʞʝ ʜʚʫʭ ʠʦʥʦʚ Na
+
 ʜʦ ʩʦʩʪʘʚʘ Na6V2(PO4)3 ʚ ʢʦʥʮʝ ʨʘʟʨʷʜʘ, ʧʨʠ ʵʪʦʤ ʠʦʥʳ 

ʚʘʥʘʜʠʷ V
+3

 ʧʦʜʚʝʨʛʘʝʪʩʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʜʦ V
+1/+2

. ʋʢʘʟʘʥʥʳʡ ʩʦʩʪʘʚ ʙʳʣ ʦʧʨʝʜʝʣʸʥ ʢʦʩʚʝʥʥʦ 

ʧʦ ʜʦʩʪʠʛʥʫʪʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʠ ʚʳʟʳʚʘʝʪ ʩʦʤʥʝʥʠʝ. ɺ ʨʘʙʦʪʝ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ 
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ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʫʩʪʘʥʦʚʣʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ 

ʬʘʟ.  

ɹʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʜʣʷ 

ʦʙʨʘʪʠʤʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ [38-40]. ɼʣʷ ʵʪʦʛʦ Na3V2(PO4)3 

ʧʦʤʝʱʘʣʠ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʩ ʣʠʪʠʝʚʳʤ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʠ 

ʵʣʝʢʪʨʦʣʠʪʦʤ ʥʘ ʦʩʥʦʚʝ ʣʠʪʠʝʚʦʡ ʩʦʣʠ. ʇʨʠ ʪʘʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʥʘ ʧʝʨʚʦʤ ʟʘʨʷʜʝ, ʟʘ ʩʯʸʪ 

ʜʝʠʥʪʝʨʢʘʣʷʮʠʷ Na
+
 ʠʟ ʩʪʨʫʢʪʫʨʳ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʩʤʝʰʘʥʥʦ-

ʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʘʢ ʠʦʥʳ Li
+
, ʪʘʢ ʠ Na

+
. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʷʯʝʡʢʫ, 

ʩʦʚʤʝʱʘʶʱʫʶ ʥʘʪʨʠʝʚʳʡ ʵʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʠ ɻ ʣʝʢʪʨʦʣʠʪʦʤ, 

ʩʦʜʝʨʞʘʱʠʤʠ ʜʨʫʛʦʡ ʪʠʧ ʧʦʜʚʠʞʥʦʛʦ ʠʦʥʘ, ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʛʠʙʨʠʜʥʦʡ.  

ʅʘ ʨʠʩʫʥʢʝ 1.13 ʧʨʠʚʝʜʸʥ ʧʨʦʬʠʣʴ ʧʝʨʚʦʛʦ ʮʠʢʣʘ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ 

Na3V2(PO4)3 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʠʪʠʷ ʚ ʵʣʝʢʪʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʠ ʦʪ ʫʜʝʣʴʥʦʡ 

ʸʤʢʦʩʪʠ (ʥʘ ʚʩʪʘʚʢʝ) ʚ ʛʠʙʨʠʜʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ. ɺʠʜʥʦ, ʯʪʦ ʬʦʨʤʘ ʢʨʠʚʦʡ 

ʩʦʚʧʘʜʘʝʪ ʩ ʧʨʦʬʠʣʝʤ, ʥʘʙʣʶʜʘʝʤʳʤ ʚ ʥʘʪʨʠʝʚʦʡ ʧʦʣʫʷʯʝʡʢʝ. ʆʜʥʘʢʦ ʜʚʘ ʧʣʘʪʦ ʨʘʩʧʦʣʦʞʝʥʳ 

ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ (3.7 ʠ 1.8 ɺ), ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʟʘʤʝʥʳ ʥʘʪʨʠʝʚʦʛʦ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʥʘ ʙʦʣʝʝ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʣʠʪʠʝʚʳʡ.  

 

ʈʠʩʫʥʦʢ 1.13. ɿʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʛʠʙʨʠʜʥʦʡ Na/Li  ʷʯʝʡʢʠ ʩ ʢʘʪʦʜʦʤ ʥʘ ʦʩʥʦʚʝ 

Na3V2(PO4)3 ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʠʪʠʷ ʚ ʵʣʝʢʪʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʠ ʦʪ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ (ʚʩʪʘʚʢʘ) 

ʜʣʷ ʧʝʨʚʦʛʦ ʮʠʢʣʘ [38].  

ʇʦʩʨʝʜʩʪʚʦʤ ʘʥʘʣʠʟʘ ʟʘʚʠʩʠʤʦʩʪʠ ʬʦʨʤʳ ʢʨʠʚʳʭ ʮʠʢʣ ʎɺɸ ʦʪ ʥʦʤʝʨʘ ʮʠʢʣʘ ʙʳʣʦ 

ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʥʘ ʧʝʨʚʦʤ ʮʠʢʣʝ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ ʪʠʧʘ ʠʦʥʘ, ʧʨʠʥʠʤʘʶʱʝʛʦ ʫʯʘʩʪʠʝ ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ, ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ Na
+
 ʥʘ Li

+
, ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

Li 2NaV2(PO4)3 ʚ ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʤ ʨʝʛʠʦʥʝ. ʄʝʭʘʥʠʟʤ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)3 ʚ ʛʠʙʨʠʜʥʦʡ ʷʯʝʡʢʝ ʷʚʣʷʝʪʩʷ ʜʚʫʭʬʘʟʥʳʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ ʦʙʣʘʩʪʠ 
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ʧʣʘʪʦ ʧʨʠ 3.7 ɺ ʩʦʩʫʱʝʩʪʚʫʶʪ ʜʚʝ ʬʘʟʳ Li2NaV2(PO4)3 (ʧʨ. ʛʨ. R-3c) ʠ NaV2(PO4)3 (ʧʨ. ʛʨ. R-3c), 

ʘʥʘʣʦʛʠʯʥʦ ʤʝʭʘʥʠʟʤʫ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʚ ʥʘʪʨʠʝʚʦʡ ʷʯʝʡʢʝ [41]. 

ʂʘʪʠʦʥʥʦʝ Na/Li  ʟʘʤʝʱʝʥʠʝ 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʠʟʫʯʝʥʦ ʢʘʪʠʦʥʥʦʝ ʟʘʤʝʱʝʥʠʝ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʚ 

ʫʩʣʦʚʠʷʭ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʭʠʤʠʯʝʩʢʦʤ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ 

ʠʦʥʥʦʤ ʦʙʤʝʥʝ, ʚ ʭʦʜʝ ʟʦʣʴ-ʛʝʣʴ ʠ ʧʨʷʤʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ.  

ʉ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ, J. 

Gopalakrishnan ʠ K. Kasthuri Rangan ʧʨʦʚʝʣʠ ʠʟʚʣʝʯʝʥʠʝ ʥʘʪʨʠʷ ʠʟ Na3V2(PO4)3, 

ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʚʘʥʘʜʠʷ ʩ ʧʦʤʦʱʴʶ Br2. ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʚʪʦʨʦʤ 

ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʩʦʝʜʠʥʝʥʠʝ V2(PO4)3, ʩʦʭʨʘʥʷʶʱʝʝ ʩʪʨʫʢʪʫʨʫ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ʠ ʩʧʦʩʦʙʥʦʝ 

ʚ ʜʘʣʴʥʝʡʰʝʤ ʚʳʩʪʫʧʘʪʴ ʚ ʨʦʣʠ ʭʦʟʷʠʥʘ ʜʣʷ ʜʨʫʛʠʭ ʢʘʪʠʦʥʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʦʚʦʣʴʥʦ ʣʝʛʢʦ 

ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴ ʜʦ ʪʨʸʭ ʠʦʥʦʚ Li
+
 ʠ H

+
, ʦʙʨʘʟʫʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ Li 3V2(PO4)3 ʠ H3V2(PO4)3 ʩ 

ʩʦʭʨʘʥʝʥʠʝʤ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ [42].  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʩʪʘʙʠʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʣʠʪʠʷ, ʧʦʣʫʯʘʝʤʦʡ 

ʧʨʷʤʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʷʚʣʷʝʪʩʷ ʤʦʥʦʢʣʠʥʥʳʡ Li 3V2(PO4)3 

ʩ ʧʨ. ʛʨ. P21/n, ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʦʪʥʦʩʷʪ ʢ NASICON-ʧʦʜʦʙʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ. ʈʦʤʙʦʵʜʨʠʯʝʩʢʠʡ 

Li 3V2(PO4)3 (R) ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʧʨʷʤʳʤ ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ ʠʟ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ 

Na3V2(PO4)3 (R) ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʪʘʜʠʠ ʠʟʚʣʝʯʝʥʠʷ ʥʘʪʨʠʷ [43]. ɺ ʨʘʙʦʪʝ [43] 

ʦʙʤʝʥ Na
+
 ʥʘ Li

+
 ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʧʦʨʦʰʢʘ Na3V2(PO4)3 ʚ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʤ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ LiNO3 ʚ ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ. ʍʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, 

ʯʪʦ ʦʙʤʝʥ ʧʨʦʠʩʭʦʜʠʣ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʠ ʧʨʠʚʦʜʠʣ ʢ ʧʦʣʫʯʝʥʠʶ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ 

Li 2.82Na0.12V2(PO4)3. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠʥʜʝʢʩʠʨʫʝʪʩʷ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ R-3c, ʧʨʠʯʝʤ ʧʘʨʘʤʝʪʨ a ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʤ, ʥʘʨʷʜʫ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ c, ʯʪʦ ʙʳʣʦ ʧʨʠʧʠʩʘʥʦ ʢ 

ʚʦʟʨʦʩʰʝʤʫ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ ʩʦʩʝʜʥʠʭ ʧʦʣʠʵʜʨʦʚ MO6 ʚ ʩʪʨʫʢʪʫʨʝ 

NASICON, ʚʦʟʥʠʢʘʶʱʝʤʫ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʧʦʟʠʮʠʷʭ M1 ʠ M2. 

ʇʦʣʫʯʝʥʥʳʡ R-Li 3V2(PO4)3 ʧʨʦʷʚʣʷʝʪ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʠ ʩʧʦʩʦʙʝʥ ʦʙʨʘʪʠʤʦ 

ʠʟʚʣʝʢʘʪʴ ʜʦ 2
ʭ
 ʠʦʥʦʚ ʣʠʪʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʧʦʩʨʝʜʩʪʚʦʤ ʜʚʫʭʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʠ 3.77 ɺ. 

ɸʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [44] R-Li 3V2(PO4)3 ʙʳʣ ʧʦʣʫʯʝʥ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ Na3V2(PO4)3 ʚ 1ʄ 

ʨʘʩʪʚʦʨʝ LiPF6 ʚ ʩʤʝʩʠ ʜʠʤʝʪʠʣʢʘʨʙʦʥʘʪʘ (ɼʄʂ) ʠ ʵʪʠʣʝʥʢʘʨʙʦʥʘʪʘ (ʕʂ) ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʣʫʯʝʥʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʧʦʩʨʝʜʩʪʚʦʤ ʘʪʦʤʥʦ-

ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ ʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʩʦʩʪʘʚʫ 

Li 2.83Na0.17V2(PO4)3, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʟʘʚʝʨʰʸʥʥʳʡ ʠʦʥʥʳʡ ʦʙʤʝʥ. ʆʜʥʘʢʦ, 
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ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʠʜʝʥʪʠʯʝʥ ʧʦʣʫʯʝʥʥʦʤʫ ʚ ʨʘʙʦʪʝ 

[43], ʜʠʬʨʘʢʪʦʛʨʘʤʤʫ R-Li 3V2(PO4)3 ʫʜʘʸʪʩʷ ʧʨʦʠʥʜʝʢʩʠʨʦʚʘʪʴ ʪʦʣʴʢʦ ʠʩʧʦʣʴʟʫʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ R-3, ʢʦʪʦʨʘʷ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ R-3ʩ 

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ Na3V2(PO4)3. ʇʨʠ ʵʪʦʤ ʢʘʨʢʘʩ, ʩʦʩʪʘʚʣʝʥʥʳʡ ʠʟ ʦʢʪʘʵʜʨʦʚ VO6 ʠ ʪʝʪʨʘʵʜʨʦʚ 

PO4, ʩʦʭʨʘʥʷʝʪʩʷ, ʥʦ ʪʝʧʝʨʴ ʚ ʩʪʨʫʢʪʫʨʝ R-Li 3V2(PO4)3 ʚʘʥʘʜʠʡ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʜʚʫʤ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʚʫʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʨʝʬʣʝʢʩʘʤ ʧʨʠ 11.7Á ʠ 

12.9Á ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ. ʀʦʥʳ ʣʠʪʠʷ ʧʦʣʥʦʩʪʴʶ ʟʘʥʠʤʘʶʪ ʥʦʚʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ 

ʧʦʟʠʮʠʠ (18f), ʢʦʪʦʨʳʝ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʠʩʭʦʜʥʳʭ ʧʦʟʠʮʠʡ ʠʦʥʦʚ ʥʘʪʨʠʷ (6b ʠ 18e), ʚʦʟʤʦʞʥʦ, 

ʠʟ-ʟʘ ʤʝʥʴʰʝʛʦ ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Li
+
 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Na

+
. ʆʩʪʘʚʰʠʝʩʷ ʠʦʥʳ Na

+
 ʟʘʥʠʤʘʶʪ 

ʧʦʟʠʮʠʠ 3a ʠ 3b, ʢʦʪʦʨʳʝ ʵʢʚʠʚʘʣʝʥʪʥʳ 6b ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ Na3V2(PO4)3. ʅʘ 

ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʣʠʯʠʝ ʦʜʥʦʛʦ ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 

3.75 ɺ; ʦʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʜʦʩʪʠʛʘʝʪ 121 ʤɸʯ/ʛ, ʯʪʦ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ 

ʟʥʘʯʝʥʠʶ ʜʣʷ R-Li 3V2(PO4)3 (131 ʤɸʯ/ʛ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʚʣʝʯʝʥʠʶ ʜʚʫʭ ʠʦʥʦʚ ʣʠʪʠʷ ʠʟ ʝʛʦ 

ʩʪʨʫʢʪʫʨʳ. 

ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ [45] ʩʦʝʜʠʥʝʥʠʝ ʩʦʩʪʘʚʘ Li 2NaV2(PO4)3 ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʨʷʤʳʤ 

ʭʠʤʠʯʝʩʢʠʤ ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ ʠʟ Na3V2(PO4)3. ʀʦʥʥʳʡ ʦʙʤʝʥ ʧʨʦʚʦʜʠʣʠ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ, 

ʩʦʜʝʨʞʘʱʝʤ ʜʚʫʢʨʘʪʥʳʡ ʤʦʣʷʨʥʳʡ ʠʟʙʳʪʦʢ LiNO3, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 40Áʉ ʚ ʪʝʯʝʥʠʝ ʥʦʯʠ; 

ʧʨʦʮʝʩʩ ʧʦʚʪʦʨʷʣʠ ʜʚʘʞʜʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʳ ʦʙʤʝʥʘ. ʇʦʣʫʯʝʥʥʳʡ 

Li 2NaV2(PO4)3 ʩʦʭʨʘʥʠʣ ʩʪʨʫʢʪʫʨʫ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ (ʧʨ. ʛʨ. R-3c), ʘ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʨʝʰʸʪʢʠ ʠʟʤʝʥʠʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʥʝʝ ʥʘʙʣʶʜʘʝʤʦʡ ʪʝʥʜʝʥʮʠʝʡ [43]. ʇʨʠ ʵʪʦʤ ʫ ʘʚʪʦʨʦʚ 

ʨʘʙʦʪ [43, 45] ʥʝ ʫʜʘʣʦʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʩʠʥʪʝʟ ʜʦ ʧʦʣʥʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʥʘʪʨʠʷ, ʦʧʠʩʘʥʥʳʡ ʚ 

ʨʘʙʦʪʝ [42]. ʇʦʣʫʯʝʥʥʳʡ Li 2NaV2(PO4)3 ʙʳʣ ʩʧʦʩʦʙʝʥ ʦʙʨʘʪʠʤʦ ʠʥʪʝʨʢʘʣʠʨʦʚʘʪʴ ʜʦ 1.5 ʠʦʥʦʚ 

ʣʠʪʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 3.7 ɺ. 

In situ ʦʙʨʘʟʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʷ ʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ Li 2NaV2(PO4)3 ʙʳʣʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ 

ʘʚʪʦʨʘʤʠ ʨʘʙʦʪ [41, 46] ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʷʯʝʡʢʝ. ɹʦʣʝʝ ʪʦʛʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʦʙʨʘʟʦʚʘʥʠʝ ʩʤʝʰʘʥʥʦʛʦ Li 2NaV2(PO4)3  

ʧʨʦʠʩʭʦʜʠʣʦ ʧʨʠ ʚʳʜʝʨʞʠʚʘʥʠʠ ʩʦʙʨʘʥʥʦʡ ʷʯʝʡʢʠ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ ʜʘʞʝ ʙʝʟ 

ʥʘʣʦʞʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ɺʳʜʝʨʞʠʚʘʥʠʝ Na3V2(PO4)3 ʚ ʵʣʝʢʪʨʦʣʠʪʝ (1ʄ ʨʘʩʪʚʦʨ LiPF6 ʚ 

ʩʤʝʩʠ ɼʄʂ ʠ ʕʂ) ʚ ʪʝʯʝʥʠʝ 12 [46] ʠʣʠ 24 ʯʘʩʦʚ [41] ʧʨʠʚʝʣʦ ʢ ʧʦʣʫʯʝʥʠʶ ʩʦʝʜʠʥʝʥʠʷ ʪʘʢʦʛʦ 

ʞʝ ʩʦʩʪʘʚʘ. ʉʦʝʜʠʥʝʥʠʶ Li 2NaV2(PO4)3 ʘʚʪʦʨʘʤʠ ʙʳʣʘ ʧʨʠʧʠʩʘʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ R-

3c, ʩʩʳʣʘʷʩʴ ʥʘ ʜʘʥʥʳʝ ʨʘʙʦʪʳ [45]. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ Li 2NaV2(PO4)3 ʩʦʚʧʘʜʘʝʪ ʩ 

ʨʘʥʝʝ ʥʘʙʣʶʜʘʝʤʳʤ ʜʣʷ R-Li 3V2(PO4)3, ʘ ʠʤʝʥʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʪʦ ʥʘ 

ʥʘʧʨʷʞʝʥʠʠ 3.75 ɺ ʦʪʥ. Li
+
/Li, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ 

ʣʠʪʠʷ ʠ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʶ ʜʚʫʭ ʬʘʟ: Li 2NaV2(PO4)3 ʠ NaV2(PO4)3. ɺ ʨʘʙʦʪʝ [46] ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʪʝʨʢʘʣʷʮʠʠ ʜʦʙʘʚʦʯʥʦʛʦ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʫ Li 2NaV2(PO4)3 ʚ 
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ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ~1.7 ɺ ʜʦ ʧʨʝʜʧʦʣʘʛʘʝʤʦʛʦ ʩʦʩʪʘʚʘ Li 4NaV2(PO4)3, 

ʦʮʝʥʸʥʥʦʛʦ ʧʦ ʜʦʩʪʠʛʥʫʪʦʤʫ ʟʥʘʯʝʥʠʶ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ï 230 ʤɸʯ/ʛ ʧʨʠ ʨʘʟʨʷʜʝ ʦʪ 4.3 ʜʦ 1 ɺ.  

ɼʣʷ ʩʠʥʪʝʟʘ Li 2NaV2(PO4)3 ʙʳʣ ʧʨʠʤʝʥʸʥ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ [47, 48]. ɺ ʨʘʙʦʪʝ [47] ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ ʙʳʣ ʧʦʣʫʯʝʥ ʢʦʤʧʦʟʠʪ (H-LNVP), ʩʦʩʪʦʷʱʠʡ ʠʟ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ 

Li 3V2(PO4)3 (60.9%), ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ Na3V2(PO4)3 (31.6%) ʠ ʤʦʥʦʢʣʠʥʥʦʛʦ Li3V2(PO4)3 

(7.5%). ʉʦʩʪʘʚ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʈʌɸ. ʆʜʥʦʬʘʟʥʳʡ Li2NaV2(PO4)3 (R-LNVP) ʙʳʣ 

ʧʦʣʫʯʝʥ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʭʠʤʠʯʝʩʢʠʤ ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ. ʇʦ ʫʪʚʝʨʞʜʝʥʠʶ ʘʚʪʦʨʦʚ, 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʦʷʚʣʷʝʪ ʣʫʯʰʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʯʝʤ 

ʦʜʥʦʬʘʟʥʳʡ R-LNVP, ʙʣʘʛʦʜʘʨʷ ʥʘʣʠʯʠʶ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʦʥʦʢʣʠʥʥʦʛʦ Li3V2(PO4)3. 

ʅʘ ʢʨʠʚʦʡ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʢʦʤʧʦʟʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦ ʷʨʢʦ ʚʳʨʘʞʝʥʥʦʝ 

ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʦʢʦʣʦ 3.75 ɺ ʦʪʥ. Li
+
/Li, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʠʟʚʣʝʯʝʥʠʶ ʣʠʪʠʷ ʠʟ R-

Li 3V2(PO4)3, ʠ ʪʨʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʣʘʪʦ ʧʨʠ 3.6, 3.65 ʠ 4,06 ɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʟʚʣʝʯʝʥʠʶ 

ʣʠʪʠʷ ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ Li 3V2(PO4)3. ʅʘʧʨʦʪʠʚ, ʪʦʣʴʢʦ ʦʜʥʦ ʧʣʘʪʦ ʧʨʠ 3.75 ɺ ʦʪʥ. Li
+
/Li  

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ R-NLVP. ʋʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʩʦʩʪʘʚʠʣʘ ~125 ʤɸʯ/ʛ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ R-NLVP ʪʦʣʴʢʦ ~ 95 ʤɸʯ/ʛ.  

ʆʜʥʦʬʘʟʥʳʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ Li2NaV2(PO4)3 ʙʳʣ ʧʦʣʫʯʝʥ ʘʚʪʦʨʘʤʠ [48] ʧʦʩʨʝʜʩʪʚʦʤ 

ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ (ʇɸɺ) ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʥʘʪʨʠʷ ʠ ʫʛʣʝʨʦʜʘ. ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʇɸɺ ʤʦʛʫʪ ʩʧʨʦʚʦʮʠʨʦʚʘʪʴ ʟʘʤʝʱʝʥʠʝ 

ʧʦʟʠʮʠʡ ʄ1 ʚ ʩʪʨʫʢʪʫʨʝ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ Li2NaV2(PO4)3 ʠʦʥʘʤʠ Na
+
, ʦʜʥʘʢʦ ʦʙʲʷʩʥʝʥʠʝ 

ʧʨʠʥʮʠʧʘ ʚʣʠʷʥʠʷ ʇɸɺ ʥʘ ʩʪʨʫʢʪʫʨʫ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʥʝ ʧʨʠʚʦʜʠʪʩʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʬʦʨʤʘ 

ʟʘʨʷʜʥʦïʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ 

Li 2NaV2(PO4)3; ʥʘ ʥʠʭ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʣʘʪʦ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʤʦʥʦʢʣʠʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ Li 3V2(PO4)3.  

ʇʦʧʳʪʢʠ ʧʦʣʫʯʠʪʴ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ Li 2NaV2(PO4)3 ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʚ ʨʘʙʦʪʘʭ [49-51], ʦʜʥʘʢʦ ʦʜʥʦʬʘʟʥʦʛʦ ʦʙʨʘʟʮʘ ʧʦʣʫʯʠʪʴ ʥʝ ʫʜʘʣʦʩʴ. ɺʤʝʩʪʦ ʵʪʦʛʦ 

ʘʚʪʦʨʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʤʝʩʠ 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ Na3V2(PO4)3 ʠ Li3V2(PO4)3, ʠ ʤʦʥʦʢʣʠʥʥʦʛʦ Li3V2(PO4)3. ɼʝʪʘʣʴʥʦ ʠʟʫʯʝʥʠʝ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʩʤʝʰʘʥʥʳʭ Li3-xNaxV2(PO4)3 ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʙʦʪʘʭ [49, 51]. ʉʠʥʪʝʟ 

ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ Li/Na ʚ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. ɹʳʣʘ 

ʩʦʩʪʘʚʣʝʥʘ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ, ʦʪʨʘʞʘʶʱʘʷ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʥʘʪʨʠʷ ʚ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʚ ʨʘʩʯʸʪʝ ʥʘ ʦʧʨʝʜʝʣʸʥʥʫʶ ʩʪʝʭʠʦʤʝʪʨʠʶ 

(ʨʠʩ. 1.14). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʚʙʣʠʟʠ ʛʨʘʥʠʯʥʳʭ ʩʦʩʪʘʚʦʚ: ʤʦʥʦʢʣʠʥʥʦʛʦ Li3V2(PO4)3 (ʧʨ. ʛʨ. 

P21/n) ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ Na3V2(PO4)3 (ʧʨ. ʛʨ. R-3ʩ) - ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʝ ʫʟʢʠʝ ʦʙʣʘʩʪʠ ʪʚʸʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʨʝʜʩʪʚʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʪʚʸʨʜʳʝ 

ʨʘʩʪʚʦʨʳ ʢʦʥʝʯʥʳʭ ʩʦʩʪʘʚʦʚ Li2.8Na0.2V2(PO4)3 (ʧʨ. ʛʨ. P21/n)  ʠ Na2.8Li 0.2V2(PO4)3 (ʧʨ. ʛʨ. R-3ʩ). 
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ɼʣʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ Li/Na ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ (ʨʠʩ. 1.14).  

 

ʈʠʩʫʥʦʢ 1.14. ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ Li3-xNaxV2(PO4)3 (0 Ò ʭ Ò 0) [49]. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ Na3-ŭLiŭV2(PO4)3 ʩ ʛʣʫʙʦʢʦʡ ʩʪʝʧʝʥʴʶ ʦʙʤʝʥʘ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʚ 

ʫʩʣʦʚʠʷʭ ʤʷʛʢʦʡ ʭʠʤʠʠ ʠ ʟʘʤʝʱʝʥʠʝ ʜʦ 0.2 ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʧʨʠ ʪʚʝʨʜʦʬʘʟʥʦʤ ʩʠʥʪʝʟʝ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)3 ʧʨʦʠʩʭʦʜʠʪ ʣʝʛʢʦ, 

ʚʠʜʠʤʦ, ʠʟ-ʟʘ ʜʦʚʦʣʴʥʦ ʙʣʠʟʢʠʭ ʩʪʨʫʢʪʫʨ ʢʦʥʝʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ï NASICON-ʧʦʜʦʙʥʳʭ 

Na3V2(PO4)3 ʠ Li 3V2(PO4)3.  

ʎʠʢʣʠʨʦʚʘʥʠʝ Na3V2(PO4)3 ʚ ʧʦʣʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʯʝʨʪʦʡ Na3V2(PO4)3 ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʩʪʫʧʘʪʴ ʚ ʨʦʣʠ 

ʤʘʪʝʨʠʘʣʘ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ, ʪʘʢ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʜʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʚʘʥʘʜʠʷ ʧʨʦʷʚʣʷʪʴ ʥʝʩʢʦʣʴʢʦ ʫʩʪʦʡʯʠʚʳʭ ʩʪʝʧʝʥʝʡ ʦʢʠʩʣʝʥʠʷ ʠ ʥʘʣʠʯʠʝʤ ʚ 

ʩʪʨʫʢʪʫʨʝ ʥʝʦʙʭʦʜʠʤʳʭ ʚʘʢʘʥʩʠʡ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʪʴ ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʝ ʩʠʤʤʝʪʨʠʯʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ, ʚ ʢʦʪʦʨʳʭ ʦʜʥʦ ʠ ʪʦ ʞʝ ʩʦʝʜʠʥʝʥʠʝ ʙʫʜʝʪ ʚʳʩʪʫʧʘʪʴ 

ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʦʙʦʠʭ ʵʣʝʢʪʨʦʜʦʚ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʩʠʤʤʝʪʨʠʯʥʳʭ ʷʯʝʝʢ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)3 ʙʳʣʠ ʠʟʫʯʝʥʳ ʥʝʩʢʦʣʴʢʠʤʠ ʛʨʫʧʧʘʤʠ [32, 52-57]. 

ʈʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʥʦʡ ʩʠʤʤʝʪʨʠʯʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 1.8 ɺ 

(ʨʠʩ. 1.15), ʘ ʦʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʧʨʠ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ ʉ/10 ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 70 ʜʦ 

100 ʤɸʯ/ʛ (52-55, 57). ɸʚʪʦʨʘʤʠ [52] ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ Na3V2(PO4)3 ʜʣʷ 

ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʚ ʢʦʪʦʨʦʡ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ 

ʚʳʩʪʫʧʘʝʪ ʤʦʥʦʢʣʠʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ Na3Zr2Si2PO12 (ʧʨ. ʛʨ. ʉ2/ʩ). ʇʦʣʫʯʝʥʥʘʷ ʷʯʝʡʢʘ ʩʧʦʩʦʙʥʘ 



34 
 

 

ʦʙʝʩʧʝʯʠʪʴ ʸʤʢʦʩʪʴ ʧʦʨʷʜʢʘ 65 ʤɸʯ/ʛ ʧʨʠ ʨʘʙʦʯʝʤ ʥʘʧʨʷʞʝʥʠʠ 1.8 ɺ, ʦʜʥʘʢʦ ʘʚʪʦʨʳ [52] 

ʧʨʦʚʦʜʠʣʠ ʮʠʢʣʠʨʦʚʘʥʠʝ ʧʨʠ ʢʨʘʡʥʝ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ï 1.2 ʤʢɸ/ʩʤ
2
. 

 

ʈʠʩʫʥʦʢ 1.15. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʢʨʠʚʳʝ Na3V2(PO4)3 ʚ ʧʦʣʫʷʯʝʡʢʘʭ ʚ ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʤ 

(ʢʨʘʩʥʳʡ) ʠ ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ (ʩʠʥʠʡ) ʜʠʘʧʘʟʦʥʘʭ ʩ ʥʘʪʨʠʝʚʳʤ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ, ʠ 

ʨʝʟʫʣʴʪʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʜʣʷ ʧʦʣʥʦʡ ʩʠʤʤʝʪʨʠʯʥʦʡ ʷʯʝʡʢʠ (ʟʝʣʸʥʳʡ). 

ɼʨʫʛʦʡ ʧʦʜʭʦʜ ʢ ʩʙʦʨʢʝ ʩʠʤʤʝʪʨʠʯʥʳʭ ʷʯʝʝʢ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʝ [56]. ʇʦʩʢʦʣʴʢʫ 

ʠʥʪʝʨʢʘʣʷʮʠʷ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʪʨʠʷ ʚ Na3V2(PO4)3 ʧʨʦʪʝʢʘʝʪ ʚ ʜʚʘ ʵʪʘʧʘ, ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʘʢʪʠʚʠʨʦʚʘʪʴ ʥʠʞʥʝʝ ʧʣʘʪʦ ʧʨʠ 0.3 ɺ ʚ ʩʠʤʤʝʪʨʠʯʥʳʭ ʷʯʝʡʢʘʭ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʨʘʙʦʯʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ. ɼʣʷ ʵʪʦʛʦ Na3V2(PO4)3 ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʟʨʷʞʘʣʠ ʜʦ ʧʦʣʫʯʝʥʠʷ Na4V2(PO4)3. 

ʇʦʣʫʯʝʥʥʦʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʦʝʜʠʥʝʥʠʝ ʧʦʤʝʱʘʣʠ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʩ ʢʘʪʦʜʦʤ ʥʘ 

ʦʩʥʦʚʝ Na3V2(PO4)3. ʈʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʠ ʧʨʠ ʪʘʢʦʡ ʩʙʦʨʢʝ ʩʦʩʪʘʚʣʷʣʦ 3.0 ɺ, ʘ ʫʜʝʣʴʥʘʷ 

ʸʤʢʦʩʪʴ ʜʦʩʪʠʛʘʣʘ ʧʦʨʷʜʢʘ 45 ʤɸʯ/ʛ.  

ʂʘʪʦʜʥʳʝ ʩʚʦʡʩʪʚʘ Na3V2(PO4)3 ʙʳʣʠ ʠʟʫʯʝʥ r ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʘʢʠʭ ʭʦʨʦʰʦ 

ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʭ ʩʝʙʷ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ NaTi2(PO4)3 [58] ʠ ʪʚʸʨʜʳʡ ʫʛʣʝʨʦʜ [59, 60], 

ʘ ʪʘʢʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʘʥʦʜʘ ʥʝʠʥʪʝʨʢʘʣʷʮʠʦʥʥʦʛʦ ʪʠʧʘ ï ʚʠʩʤʫʪʘ [61]. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʩʧʦʩʦʙʥʦʩʪʴ Na3V2(PO4)3 ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʜʣʷ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ, ʧʦʟʚʦʣʠʣʘ 

ʘʚʪʦʨʘʤ ʩʦʟʜʘʪʴ ʧʦʣʥʫʶ ʛʠʙʨʠʜʥʫʶ Na/Li  ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʷʯʝʡʢʫ, ʚ ʢʦʪʦʨʦʡ ʚ ʢʘʯʝʩʪʚʝ 

ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚʳʩʪʫʧʘʣʘ ʣʠʪʠʡ-ʪʠʪʘʥʦʚʘʷ ʰʧʠʥʝʣʴ Li 4Ti5O12 [44]. ɺ ʪʘʙʣʠʮʝ 1.2 

ʧʨʠʚʝʜʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʥʳʭ ʷʯʝʝʢ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)3 ʚ ʧʘʨʝ ʩ 

ʨʘʟʣʠʯʥʳʤʠ ʘʥʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ.  
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ʊʘʙʣʠʮʘ 1.2. ʉʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʥʳʭ ʷʯʝʝʢ c ʢʘʪʦʜʦʤ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)3. 

ʄʘʪʝʨʠʘʣ 

ʘʥʦʜʘ 

ʋʜʝʣʴʥʘʷ 

ʸʤʢʦʩʪʴ, ʤɸʯ/ʛ 

ʇʣʦʪʥʦʩʪʴ 

ʪʦʢʘ, ʤɸ/ʛ 

ʈʘʙʦʯʝʝ 

ʥʘʧʨʷʞʝʥʠʝ, ɺ 

ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ, 

ɺʪʯ/ʢʛ 

ʀʩʪʦʯʥʠʢ 

NaTi2(PO4)3 90  100 (1.2C) 1.25 113  [58] 

ʊʚʸʨʜʳʡ 

ʫʛʣʝʨʦʜ 

100  60 (C/2) 3.3 330  [59] 

ɺʠʩʤʫʪ 62 100 (1.2C) 2.74 170 [61] 

Li 4Ti5O12 73  100 (1.2C) 2.2 160 [46] 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ, ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʢʘʪʦʜʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʢʘʢ ʜʣʷ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʛʠʙʨʠʜʥʳʭ ʥʘʪʨʠʡ-ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʠ ʫʜʝʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ, ʩʦʧʦʩʪʘʚʠʤʳʝ ʩ ʣʠʪʠʡ-

ʠʦʥʥʳʤʠ ʘʢʢʫʤʫʣʷʪʦʨʘʤʠ. 

1.2.2  Na3V2(PO4)3F3 

ʌʪʦʨʠʜ-ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʠʟʚʦʜʥʦʝ ʦʪ Na3V2(PO4)3, 

ʧʦʣʫʯʘʝʤʦʝ ʧʨʠ ʟʘʤʝʥʝ ʦʜʥʦʡ ʦʨʪʦʬʦʩʬʘʪʥʦʡ ʛʨʫʧʧʳ ʥʘ ʪʨʠ ʘʪʦʤʘ ʬʪʦʨʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʩʪʨʫʢʪʫʨʘ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. ɹʦʣʝʝ 

ʪʦʛʦ, ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʨʘʟʣʠʯʥʦʡ 

ʩʪʝʭʠʦʤʝʪʨʠʠ. ʊʘʢ, ʧʨʠʥʷʪʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʝʨʠʶ ʩʤʝʰʘʥʥʦ-ʚʘʣʝʥʪʥʳʭ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʩ 

ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ Na3V2Ox(PO4)2F3-x (0 Ò ʭ Ò 2), ʛʨʘʥʠʯʥʳʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʢʦʪʦʨʦʡ ʷʚʣʷʶʪʩʷ 

Na3V
+3

2(PO4)2F3 (ʠʣʠ Na1.5VPO4F1.5) ʠ Na3V
+4

2O2(PO4)F (ʠʣʠ Na1.5VOPO4F0.5). ʂʨʦʤʝ ʪʦʛʦ, 

ʩʦʦʙʱʘʝʪʩʷ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʬʘʟ rʩʦʩʪʘʚʘ NaV
+3

PO4F. 

ʈʝʟʫʣʴʪʘʪʳ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʧʦʠʩʢʘ ʧʦ ʙʘʟʝ ʜʘʥʥʳʭ Web of Science ʧʦ ʟʘʧʨʦʩʫ 

çNa3V2(PO4)2F3è ʦʭʚʘʪʳʚʘʶʪ 44 ʩʪʘʪʴʠ, ʧʦ ʟʘʧʨʦʩʫ çNaVPO4Fè - 22 ʩʪʘʪʴʠ, ʘ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʟʘʧʨʦʩʘ çNa3V2O2x(PO4)2F3-2xè ʥʘʡʜʝʥʦ 9 ʧʫʙʣʠʢʘʮʠʡ. ʆʜʥʘʢʦ ʵʪʦ ʥʝ ʧʦʣʥʳʡ ʦʭʚʘʪ ʣʠʪʝʨʘʪʫʨʳ 

ʧʦ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ ʩʦʝʜʠʥʝʥʠʡ ʚʚʠʜʫ ʩʣʦʞʥʦʩʪʠ ʦʜʥʦʟʥʘʯʥʦʛʦ ʧʦʠʩʢʘ, ʧʦʩʢʦʣʴʢʫ ʩʦʝʜʠʥʝʥʠʝ 

ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ Na3V2O2x(PO4)2F3-2x ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝʩʢʦʣʴʢʠʤʠ ʨʘʟʣʠʯʥʳʤʠ 

ʩʧʦʩʦʙʘʤʠ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ Na3V2(PO4)2F3 ʧʝʨʚʳʤʠ ʫʩʪʘʥʦʚʠʣʠ J. Barker ʩ 

ʩʦʘʚʪʦʨʘʤʠ ʚ 2006ʛ. [62]; ʟʘʪʝʤ ʧʦʩʣʝʜʦʚʘʣʦ ʝʱʸ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ ʵʪʦʡ ʞʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ 

ʛʨʫʧʧʳ, ʧʦʩʚʷʱʝʥʥʳʭ ʜʘʥʥʦʤʫ ʢʣʘʩʩʫ ʩʦʝʜʠʥʝʥʠʡ [63]. ʆʜʥʘʢʦ ʧʠʢ ʧʫʙʣʠʢʘʮʠʦʥʥʦʡ 

ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʫ ʚʘʥʘʜʠʷ(III , IV)-ʥʘʪʨʠʷ, ʢʘʢ ʤʦʞʥʦ ʩʫʜʠʪʴ ʧʦ ʘʥʘʣʠʟʫ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʠʩʢʘ, ʧʨʠʭʦʜʠʪʩʷ ʥʘ 2018ʛ., ʟʘ ʢʦʪʦʨʳʡ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ 20 ʩʪʘʪʝʡ. ʎʝʣʴʶ 

ʥʘʩʪʦʷʱʝʛʦ ʨʘʟʜʝʣʘ ʷʚʣʷʝʪʩʷ ʫʧʦʨʷʜʦʯʝʥʠʝ ʩʫʱʝʩʪʚʫʶʱʝʡ ʠʥʬʦʨʤʘʮʠʠ, ʚʦ ʤʥʦʛʦʤ 

ʧʨʦʪʠʚʦʨʝʯʠʚʦʡ, ʠ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʜʘʥʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ. 
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ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F 

ʄʥʦʛʠʝ ʠʟʚʝʩʪʥʳʝ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʳ ʚʭʦʜʷʪ ʚ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ. J.-M. Le Meins ʩʦ 

ʩʦʘʚʪʦʨʘʤʠ ʚ 1999ʛ. ʚʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʣ ʠ ʠʟʫʯʠʣ ʢʨʠʩʪʘʣʣʦʭʠʤʠʶ ʛʨʫʧʧʳ ʩʦʝʜʠʥʝʥʠʡ 

Na3M2(PO4)2F3, ʛʜʝ M = Fe, Al , V, Cr, Ga [64]. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʠʟ 

ʩʤʝʩʠ NaF ʩ MPO4 ʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. ɼʣʷ 

Na3V2(PO4)2F3 ʫʩʪʦʡʯʠʚʘʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ (ɓ) ʠʤʝʝʪ 

ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʩʠʤʤʝʪʨʠʶ ʩ ʧʨ. ʛʨ. P42/mnm, a = b = 9.047(2) ¡, c = 10.705(2) ¡. ɺʘʥʘʜʠʡ ʚ 

ʩʪʨʫʢʪʫʨʝ ʟʘʥʠʤʘʝʪ ʧʦʟʠʮʠʶ 8j ʠ ʥʘʭʦʜʠʪʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ ʦʢʨʫʞʝʥʠʠ ʯʝʪʳʨʸʭ ʘʪʦʤʦʚ 

ʢʠʩʣʦʨʦʜʘ ʠ ʜʚʫʭ ʘʪʦʤʦʚ ʬʪʦʨʘ, ʦʙʨʘʟʫʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʢʪʘʵʜʨʳ VO4F2. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʦʢʪʘʵʜʨʦʚ VO6 ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)3, VO4F2 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʦʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ 

ʧʦʧʘʨʥʦ ʚʝʨʰʠʥʘʤʠ ʯʝʨʝʟ ʘʪʦʤ ʬʪʦʨʘ ʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚʜʦʣʴ ʦʩʠ ʩ. ʂʘʞʜʳʡ ʩʦʩʪʘʚʣʝʥʥʳʡ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʙʠʦʢʪʘʵʜʨ [V2O8F3] ʩʦʝʜʠʥʷʝʪʩʷ ʚʝʨʰʠʥʘʤʠ ʩ ʚʦʩʝʤʴʶ ʪʝʪʨʘʵʜʨʘʤʠ PO4 (ʬʦʩʬʦʨ 

ʟʘʥʠʤʘʝʪ ʧʦʟʠʮʠʠ 4d ʠ 4e) ʯʝʨʝʟ ʢʠʩʣʦʨʦʜ, ʦʙʨʘʟʫʷ ʪʨʸʭʤʝʨʥʳʡ ʢʘʨʢʘʩ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʚʩʝʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Na3M2(PO4)2F3 (ʨʠʩ. 1.16). ʇʦʜʦʙʥʦʝ ʩʦʝʜʠʥʝʥʠʝ [V2O8F3] ʩ PO4 ʧʨʠʚʦʜʠʪ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʥʘʣʦʚ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ a ʠ b, ʘ ʚ ʤʝʩʪʘʭ ʠʭ ʧʝʨʝʩʝʯʝʥʠʷ ʦʙʨʘʟʫʶʪʩʷ 

ʜʦʚʦʣʴʥʦ ʙʦʣʴʰʠʝ ʧʦʣʦʩʪʠ, ʚ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʢʘʪʠʦʥʳ Na
+
, ʟʘʥʠʤʘʶʱʠʝ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʚʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ ʩʝʤʠ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʧʦʟʠʮʠʠ 8i ʩ ʨʘʟʣʠʯʥʦʡ ʟʘʩʝʣʸʥʥʦʩʪʴʶ: ʧʦʟʠʮʠʷ 

M1 ʟʘʩʝʣʝʥʘ ʧʦʣʥʦʩʪʴʶ, ʘ M2 ï ʥʘʧʦʣʦʚʠʥʫ. 

 

ʈʠʩʫʥʦʢ 1.16. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘ ̫ʩʪʨʫʢʪʫʨʘ ʩʝʤʝʡʩʪʚʘ Na3M2(PO4)2F3 [64]. 

ɺ ʩʝʤʝʡʩʪʚʝ Na3M2(PO4)2F3 ʘʚʪʦʨʘʤʠ [64] ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʠʤʳʝ 

ʧʦʣʠʤʦʨʬʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʨʸʭ ʤʦʜʠʬʠʢʘʮʠʡ: Ŭ-ʬʘʟʘ ʩ ʧʨ. ʛʨ. I4/mmm, ɓ-ʬʘʟʘ 

ʩ ʧʨ. ʛʨ. P42/mbc ʠʣʠ P42/mnm ʠ ɔ-ʬʘʟʘ ʩ ʧʨ. ʛʨ. Pbam. ʆʩʥʦʚʥʦʝ ʨʘʟʣʠʯʠʝ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʭ 

ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʩʫʧʝʨʷʯʝʡʢʠ, ʚʳʟʚʘʥʥʦʤ ʩʤʝʱʝʥʠʝʤ 
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ʢʘʪʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʧʦʣʦʩʪʷʭ ʠʣʠ ʠʭ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʪʨʸʭʤʝʨʥʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ Ŭ-ʬʘʨʤʳ ʠ ʫʩʪʦʡʯʠʚʦʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ɓ-ʬʦʨʤr, ʘ ʚ ʩʣʫʯʘʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ɔ-ʤʦʜʠʬʠʢʘʮʠʠ (M = Fe) ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʝ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʝ ʠʩʢʘʞʝʥʠʝ ʠʩʭʦʜʥʦʡ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʟʘ ʩʯʝʪ ʠʩʢʘʞʝʥʠʷ 

ʧʦʣʠʵʜʨʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ.  

ɼʦʣʛʦʝ ʚʨʝʤʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)2F3 ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ P42/mnm, ʦʜʥʘʢʦ ʧʦʟʜʥʝʝ, ʚ 2014ʛ., ʛʨʫʧʧʦʡ 

ʬʨʘʥʮʫʟʩʢʠʭ ʫʯʸʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʝ ʠʩʢʘʞʝʥʠʝ a/b = 1.002, ʥʝʟʘʤʝʪʥʦʝ ʧʨʠ ʟʘʧʠʩʠ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ, ʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)2F3 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨ. ʛʨ. Amam (ˉ 63) [65]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʦʚʦʡ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠ ʁ ʠʦʥʦʚ ʥʘʪʨʠʷ ʤʝʞʜʫ ʪʨʝʤʷ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ: ʩʝʤʠ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤʠ Na1 ʠ Na2 ʠ ʰʝʩʪʠ-

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʦʡ Na3, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʙʦʣʝʝ ʨʘʥʥʝʡ ʤʦʜʝʣʠ ʢʘʪʠʦʥʳ ʥʘʪʨʠʷ ʨʘʩʧʨʝʜʝʣʷʣʠʩ ɹ

ʧʦ ʜʚʫʤ ʧʦʟʠʮʠʷʤ (ʨʠʩ. 1.17). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʦʣʠʵʜʨʠʯʝʩʢʠʡ ʢʘʨʢʘʩ ʦʩʪʘʸʪʩʷ ʙʝʟ ʠʟʤʝʥʝʥʠʡ. 

ʂʨʘʡʥʝ ʙʣʠʟʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʦʟʠʮʠʡ Na2 ʠ Na3 ʦʪʨʘʞʘʝʪʩʷ ʚ ʠʭ ʯʘʩʪʠʯʥʦʤ ʟʘʧʦʣʥʝʥʠʠ, 

ʧʨʠʯʸʤ ʫʪʦʯʥʝʥʠʝ ʟʘʩʝʣʸʥʥʦʩʪʝʡ ʦʙʝʠʭ ʧʦʟʠʮʠʡ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʝʥʠʷʤ 0.65 ʜʣʷ Na2 ʠ 0.3 ʜʣʷ 

Na3, ʪʦ ʝʩʪʴ ʚʩʝʛʜʘ ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʘ ʪʘ ʠʣʠ ʠʥʘʷ ʧʦʟʠʮʠʷ. 

  

ʈʠʩʫʥʦʢ 1.17. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ Na3V2(PO4)2F3 ʚ ʤʦʜʝʣʠ ʩ ʧʨ. 

ʛʨ. P42/mnm (ʩʣʝʚʘ) ʠ Amam (ʩʧʨʘʚʘ) [65]. 

ʆʢʠʩʣʝʥʠʝ ʚʘʥʘʜʠʷ ʜʦ ʩʦʩʪʦʷʥʠʷ V
+4

 ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ Na3V2O2(PO4)2F (ʠʣʠ 

Na1.5VOPO4F0.5) ï ʜʨʫʛʦʛʦ ʢʦʥʝʯʥʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x (0 Ò ʭ Ò 2). W. 

Massa ʩ ʩʦʘʚʪʦʨʘʤʠ [66] ʚʧʝʨʚʳʝ ʚ 2002ʛ. ʧʦʣʫʯʠʣʠ Na3V2O2(PO4)2F ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ 

ʩʠʥʪʝʟʘ ʠ ʦʧʨʝʜʝʣʠʣʠ ʝʛʦ ʩʪʨʫʢʪʫʨʫ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ Na3V2O2(PO4)2F ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ 



38 
 

 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨ. ʛʨ. I4/mmm. ɸʪʦʤʳ ʚʘʥʘʜʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʦʢʨʫʞʝʥʠʠ ʧʷʪʠ ʘʪʦʤʦʚ 

ʢʠʩʣʦʨʦʜʘ ʠ ʦʜʥʦʛʦ ʘʪʦʤʘ ʬʪʦʨʘ, ʦʙʨʘʟʫʷ ʦʢʪʘʵʜʨ r VO5F, ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʷʶʪʩʷ ʧʦʧʘʨʥʦ 

ʚʝʨʰʠʥʘʤʠ ʯʝʨʝʟ ʘʪʦʤ ʬʪʦʨʘ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʩ, ʘ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ ʪʝʤ ʚʨʝʤʝʥʝʤ 

ʩʦʝʜʠʥʷʶʪʩʷ ʩ ʪʝʪʨʘʵʜʨʘʤʠ PO4 ʚ ʧʣʦʩʢʦʩʪʠ ab. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʠʵʜʨʠʯʝʩʢʠʡ ʢʘʨʢʘʩ 

ʘʥʘʣʦʛʠʯʝʥ Na3V2(PO4)2F3, ʚ ʢʦʪʦʨʦʤ ʘʪʦʤʳ ʬʪʦʨʘ ʚ ʧʦʟʠʮʠʠ F(2) ʟʘʤʝʱʝʥʳ ʢʠʩʣʦʨʦʜʦʤ (ʨʠʩ. 

1.16), ʦʙʨʘʟʫʶʱʠʤ ʩ ʚʘʥʘʜʠʝʤ ʢʦʨʦʪʢʫʶ ʚʘʥʘʜʠʣʴʥʫ  ʁʩʚʷʟ ɹ V=O, ʯʪʦ ʚʳʟʳʚʘʝʪ ʠʩʢʘʞʝʥʠʝ 

ʦʢʪʘʵʜʨʘ VO5F ʠ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ c ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʀʦʥʳ Na
+
 ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ 

ʜʚʫʤ ʩʝʤʠ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ 8h ʠ 16l.  

ɺ 2006ʛ. E. Baudrin ʩ ʩʦʘʚʪʦʨʘʤʠ [67] ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʜʨʫʛʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ Na
+
 

ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ ʧʨ. ʛʨ. I4/mmm ʚ Na3V2O2(PO4)2F. ʉʦʛʣʘʩʥʦ ʠʭ 

ʜʘʥʥʳʤ, ʠʦʥʳ ʥʘʪʨʠʷ ʟʘʥʠʤʘʶʪ ʩʝʤʠ-ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʧʦʟʠʮʠʠ 8h ʠ ʰʝʩʪʠ-

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʝ ʧʦʟʠʮʠʠ 8j.  

ʇʦʟʜʥʝʝ, A.A. Tsirlin ʩ ʩʦʘʚʪʦʨʘʤʠ [68] c ʧʦʤʦʱʴʶ ʩʠʥʭʨʦʪʨʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʠ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʧʦʢʘʟʘʣʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʝʭ ʧʦʣʠʤʦʨʬʦʚ Na3V2O2(PO4)2F 

ʩ ʨʘʟʥʳʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤʠ ʛʨʫʧʧʘʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʠʦʥʦʚ Na
+
 ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʧʦʣʠʵʜʨʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ. ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ (ʚʳʰʝ 500ʂ) 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʘʷ ʧʦ ʠʦʥʘʤ Na
+
 ʧʦʣʠʤʦʨʬʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ (Ŭ-ʬʘʟʘ) ʦʧʠʩʘʥʘ ʚ 

ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ I4/mmm. ʇʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(298ʂ) ʠʦʥʳ ʥʘʪʨʠʷ ʩʪʘʥʦʚʪ̫ʩʷ ʯʘʩʪʠʯʥʦ ʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʚ ɓ-ʬʘʟʝ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ 

P42/mnm) ʠ ʧʦʣʥʦʩʪʴʶ ʫʧʦʨʷʜʦʯʝʥʥʳʤ ʥʠʞʝ 235 K ʚ ɔ-ʬʘʟʝ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P42/mbc). 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʤʦʨʬʘʭ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.18. ʉʪʦʠʪ ʪʘʢʞʝ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʥʘʙʣʶʜʘʣʠʩʴ ʠ ʜʣʷ Na3V2(PO4)2F3 [64, 65]. 

 

ʈʠʩʫʥʦʢ 1.18. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ 

Na3V2O2(PO4)2F. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P42/mnm ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʪʦʤʦʚ ʧʦ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ ʜʣʷ ʫʩʪʦʡʯʠʚʦʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʤʦʜʠʬʠʢʘʮʠʠ 
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Na3V2O2(PO4)2F ʩʦʚʧʘʜʘʝʪ ʩ ʜʘʥʥʳʤ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [64] ʜʣʷ Na3V2(PO4)2F3. 

ɽʜʠʥʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʜʥʘ ʠʟ ʪʨʸʭ ʧʦʟʠʮʠʡ 8j ʚ ʧʨ. ʛʨ. P42/mnm 

ʟʘʥʠʤʘʝʪʩʷ ʣʠʙʦ ʢʠʩʣʦʨʦʜʦʤ ʚ ʩʣʫʯʘʝ V
+4
, ʣʠʙʦ ʬʪʦʨʦʤ ʚ ʩʣʫʯʘʝ V

+3
.  

ʇʦʩʢʦʣʴʢʫ ʩʪʨʫʢʪʫʨʳ ʢʦʥʝʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x (0 Ò ʭ Ò 2) 

ʦʢʘʟʘʣʠʩʴ ʘʥʘʣʦʛʠʯʥʳʤʠ, ʦʧʠʩʘʥʠʝ ʩʪʨʫʢʪʫʨ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʤʝʰʘʥʦ-ʚʘʣʝʥʪʥʳʭ ʬʘʟ ʩ 

ʨʘʟʣʠʯʥʳʤ ʟʥʘʯʝʥʠʝʤ x ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨ. ʛʨ. P42/mnm ʧʫʪʸʤ ʚʘʨʴʠʨʦʚʘʥʠ ̫

ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʠ 8j ʘʪʦʤʘʤʠ F ʠ O [69, 70]. ʇʦʟʜʥʝʝ, ʧʦʩʣʝ ʦʙʥʘʨʫʞʝʥʠʷ L. Croguennec ʩ 

ʩʦʘʚʪʦʨʘʤʠ [71] ʪʦʥʢʦʛʦ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ ʠʩʢʘʞʝʥʠʷ ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)2F3 ʠ 

ʧʨʝʜʣʦʞʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʝʛʦ ʦʧʠʩʘʥʠʷ ʧʨ. ʛʨ. Amam, ʥʝʢʦʪʦʨʳʝ ʘʚʪʦʨʳ ʥʘʯʘʣʠ ʫʪʦʯʥʷʪʴ 

ʩʪʨʫʢʪʫʨʳ ʚʩʝʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ ʚ ʥʦʚʦʡ ʤʦʜʝʣʠ. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʩʢʦʣʴʢʫ 

ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʬʪʦʨʘ ʥʘ ʢʠʩʣʦʨʦʜ ʚʳʟʳʚʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ c ʠ ʦʙʲʝʤʘ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ Na3V2Ox(PO4)2F3-x, ʟʥʘʯʝʥʠʷ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʟʚʦʣʷʶʪ ʢʦʩʚʝʥʥʦ 

ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʚʘʥʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʝʣʝʡ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ 

Na3V2Ox(PO4)2F3-x (0 Ò ʭ Ò 2) ʧʨʠʚʝʣʦ ʢ ʙʦʣʴʰʦʡ ʧʫʪʘʥʠʮʝ ʚ ʣʠʪʝʨʘʪʫʨʝ. ʆʜʥʘʢʦ ʥʘʠʙʦʣʴʰʘʷ 

ʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴ ʚ ʦʧʠʩʘʥʠʠ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʜʦʣʶ ʝʱʸ ʦʜʥʦʛʦ 

ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʩʝʤʝʡʩʪʚʘ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ ï NaVPO4F. ɺ ʪʘʙʣʠʮʝ 1.3 

ʧʨʠʚʝʜʝʥʳ ʚʩʪʨʝʯʘʶʱʠʝʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʘʥʥʳʝ ʦ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʛʨʫʧʧʘʭ ʬʘʟ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʟʥʘʯʝʥʠʷ ʦʙʨʘʪʠʤʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʝʨʚʳʤ ʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫʣʫ NaVPO4F ʧʨʝʜʣʦʞʠʣ J. Barker ʩ ʩʦʘʚʪʦʨʘʤʠ [72] ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʤʝʞʜʫ NaF ʠ VPO4, ʚʟʷʪʳʭ ʚ ʨʘʚʥʳʭ ʤʦʣʴʥʳʭ ʜʦʣʷʭ. ɹʳʣʦ 

ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʡ ʧʨʦʜʫʢʪ ʠʟʦʩʪʨʫʢʪʫʨʝʥ Na3Al 2(PO4)3F3 ʠ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨ. 

ʛʨ. I4/mmm. ɿʘʪʝʤ ʧʦʩʣʝʜʦʚʘʣʦ ʝʱʸ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ (ʪʘʙʣ. 1.3), ʧʨʠʧʠʩʳʚʘʶʱʠʭ ʧʦʣʫʯʝʥʥʳʤ 

ʧʨʦʜʫʢʪʘʤ ʬʦʨʤʫʣʫ NaVPO4F ʠ ʧʨ. ʛʨ. I4/mmm [73-76]. ɼʨʫʛʠʝ ʘʚʪʦʨ rʧʨʠʧʠʩʳʚʘʣʠ ʧʨʦʜʫʢʪʘʤ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʤʦʥʦʢʣʠʥʥʫ  ʁʩʠʤʤʝʪʨʠ ʁʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫ  ʁʛʨʫʧʧʫ 

C2/c [76-82]. ʆʜʥʘʢʦ ʥʠ ʚ ʦʜʥʦʡ ʠʟ ʨʘʙʦʪ ʥʝ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʦʜʥʦʟʥʘʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 

ʧʦʟʠʮʠʡ ʠ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ ʠʣʠ ʨʝʟʫʣʴʪʘʪʦʚ ʫʪʦʯʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɹʦʣʝʝ 

ʪʦʛʦ, ʧʨʠ ʚʥʠʤʘʪʝʣʴʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤ, ʠʤʝʶʱʠʭʩʷ ʚ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ, 

ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠʙʦ ʩʦʝʜʠʥʝʥʠʶ Na3V2(PO4)3 (ʚ ʩʣʫʯʘʝ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʧʨʦʜʫʢʪʘ ʚ ʧʨ. ʛʨ. C2/c), ʣʠʙʦ Na3V2(PO4)2F3 (ʚ ʩʣʫʯʘʝ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʨʦʜʫʢʪʘ ʚ ʧʨ. ʛʨ. 

I4/mmm). ɿʘʯʘʩʪʫʶ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ. ɼʘʥʥʳʡ ʚʳʚʦʜ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʨʠʚʝʜʸʥʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʝr 

ʟʘʯʘʩʪʫʶ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʪʁ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤʫ ʦʪʢʣʠʢʫ Na3V2(PO4)3, Na3V2(PO4)2F3 

ʠʣʠ ʩʫʧʝʨʧʦʟʠʮʠʠ ʵʪʠʭ ʜʚʫʭ ʬʘʟ.  
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ʊʘʙʣʠʮʘ 1.3. ʉʨʘʚʥʝʥʠʝ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ, ʩʪʨʫʢʪʫʨ ʠ ʵ/ʭ ʩʚʦʡʩʪʚ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. 

ʇʨʠʧʠʩʳʚʘʝʤʘʷ 

ʭʠʤʠʯʝʩʢʘʷ 

ʬʦʨʤʫʣʘ 

ʇʦʣʫʯʝʥʠʝ ʉʪʨʫʢʪʫʨʘ ʈʘʟʨʷʜʥʘʷ 

ʸʤʢʦʩʪʴ, ʤɸʯ/ʛ 

ʧʨʠ ʩʢʦʨʦʩʪʠ nʉ 

ʀʩʪʦʯʥʠʢ 
ʄʝʪʦʜ ʈʝʘʛʝʥʪʳ ʋʩʣʦʚʠʷ ʇʨ. ʛʨ. ʇʘʨʘʤʝʪʨʳ, ¡ 

NaVPO4F 

ʊʌ* 

NaF, VPO4 750
o
C, 1ʯ, Ar I4/mmm 

a = b = 6.387  

c = 10.734  
95 ʦʪʥ. Li, C/10 [72, 75] 

NaF, VPO4, ʛʨʘʬʝʥ 750
o
C, 1ʯ, N2 I4/mmm 

a = b = 6.41 

c = 10.68 
100 ʦʪʥ. Nʘ, C/10 [73] 

NaF, VPO4, C6H12O6 750
o
C, 4ʯ, Ar I4/mmm ʥʝ ʫʢʘʟʘʥʳ 97 ʦʪʥ. Na, C/10 [79] 

ɻʊ* 

NaF, VPO4 

1) 250
o
C, 48ʯ  

2) 250
o
C 1ʯ 

I4/mmm 
a = b = 6.298  

c = 10.733 
97 ʦʪʥ. Li, C/10 [75] 

1) 200
o
C, 48ʯ 

2) 300
o
C, 5ʯ, ʚʦʟʜʫʭ 

C2/c 

 
ʥʝ ʫʢʘʟʘʥʳ 80 ʦʪʥ. Na, C/10 [81] 

NaF, NH4H2PO4, 

NH4VO3, ʚʠʪʘʤʠʥ C 

1) 180
o
C, 24ʯ 

2) 800
 o
C, 6ʯ, Ar 

1) I4/mmm  

2) C2/c 
ʥʝ ʫʢʘʟʘʥʳ 

1) 46 ʦʪʥ. Na, C/10 

2) 100 ʦʪʥ. Na, 

C/10 

[76] 

VCl3, Na3PO4, H3PO4, 

NaF,  

1) 240
o
C, 24ʯ 

2) 60
 o
C, 6ʯ, ʚʦʟʜʫʭ 

C2/c 

 

a = 6.565  

b = 8.441 

 c = 7.373 

10 ʦʪʥ. Na, C/50 [83] 

ʕʣʝʢʪʨʦ-

cʧʠʥʥʠʥʛ 

NaF, NH4H2PO4, 

NH4VO3, PVP, 

H2C2O4 

750
o
C, 4ʯ, Ar C2/c 

a = 12.73, b = 

6.37, c = 8.97 
120 ʦʪʥ. Na, 1C [80] 

ʊʝʤʧʣʘʪʥʳʡ 

CH3(CH2)15NBr(CH3)3

, NaF, H2C2O4, V2O5, 

NH4H2PO4 

800
 o
C, 6ʯ, Ar C2/c 

a = 12.74, b = 

6.37, c = 8.97 
133 ʦʪʥ. Na, C/10 [82] 

ɿʦʣʴ-ʛʝʣʴ 
V2O5, NH4H2PO4, 

NaF, H2C2O4 

1) 80
o
C, 24ʯ, EtOH 

2) 750
 o
C, 6ʯ, N2 

1) C2/c 

2) I4/mmm 

1) a = 12.73, b = 

6.37, c = 8.97 

2) a = b = 6.37  

c = 10.72 

1) 40 ʦʪʥ. Li, C/4 

2) 117 ʦʪʥ. Li, C/4 
[74] 

Na3V2(PO4)2F3 
ʊʌ 

 

NaF, VPO4 

 

600ï800ÁC, 8ʯ, Ar P42/mnm 
a = b = 9.037 

c = 10.748 
108 ʦʪʥ. Li, C/7 [62] 

750
o
C, 1.5ʯ, Ar P42/mnm 

a = b = 9.04 

c = 10.73 
105 ʦʪʥ. Na, C/10 

[84] 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 1.3.  

ʇʨʠʧʠʩʳʚʘʝʤʘʷ 

ʭʠʤʠʯʝʩʢʘʷ 

ʬʦʨʤʫʣʘ 

ʇʦʣʫʯʝʥʠʝ ʉʪʨʫʢʪʫʨʘ ʈʘʟʨʷʜʥʘʷ 

ʸʤʢʦʩʪʴ, ʤɸʯ/ʛ, 

ʩʢʦʨʦʩʪʴ, nʉ 

ʀʩʪʦʯʥʠʢ 
ʄʝʪʦʜ ʈʝʘʛʝʥʪʳ ʋʩʣʦʚʠʷ ʇʨ. ʛʨ. ʇʘʨʘʤʝʪʨʳ, ¡ 

Na3V2(PO4)2F3 

ʊʌ 

 

NaF, VPO4 

 

800
o
C, 1ʯ, Ar 

1) P42/mnm 

ʠʣʠ  

2) Amam 

1) a = b = 9.036 

c = 10.740 

2) a = 9.029, b = 

9.043, c = 10.740 

120 ʦʪʥ. Na, C/50 [65] 

1) ʄɸ*  1.5ʯ 

2) 750
o
C, 2ʯ, Ar 

Amam 
a = 9.031, b = 

9.045, c = 10.754 
96 ʦʪʥ. Na, C/20 [71] 

ɻʊ VCl3, NaH2PO4, NaF 120
 o
C, 10ʯ P42/mnm 

a = b = 9.035 

c = 10.695 
117 ʦʪʥ. Na, C/10 [85] 

ʈʝʦʣʦʛʠʯʝ

-ʩʢʠʡ 

Na2CO3, NH4H2PO4, 

NaF, V2O5, ʉ 

350
 o
C 4ʯ,  

650
 o
C 8ʯ, Ar 

P42/mnm 
a = b = 9.05 

c = 10.74 
112 ʦʪʥ. Na, C/10 [86, 87] 

ɿʦʣʴ-ʛʝʣʴ 
NH4VO3, NH4H2PO4, 

NaF, ʣʠʤʦʥ. ʢʠʩʣʦʪʘ 

300 
o
C 4ʯ,  

650 
o
C 8ʯ, N2 

P42/mnm 
a = b = 9.042 

c = 10.749 
120 ʦʪʥ. Na, C/10 [88, 89] 

Na3V2Ox(PO4)2F3-x 

ʊʌ 

NaF, VPO4 750
o
C, 2ʯ, ʚʦʟʜʫʭ I4/mmm 

a = b = 6.370 

c = 10.637 
71 ʦʪʥ. Na ʉ/100 [67] 

x = 2 

x = 0.5 
NaF, Na2CO3, VOPO4, 

VPO4 

1) ʄɸ 1.5ʯ 

2) 750
o
C, 2ʯ, Ar 

Amam 
a = 9.035, b = 

9.038, c = 10.696 
115 ʦʪʥ. Na, C/20 [71] 

x = 1 
NH4H2PO4, NaF, 

VO2C2O4 
600, 2ʯ, Ar P42/mnm 

a = b = 9.034 

c = 10.706 
80 ʦʪʥ. Na, 1C [69] 

0 < x < 1 

ɻʊ 

NaF, VPO4 170
 o
C, 65ʯ P42/mnm 

a = b = 9.030 

c = 10.644 
99 ʦʪʥ. Na, C/10 

[70, 90-

92]  

x ~ 1 
NaF, 

[V(PO3)3]n/ʫʛʣʝʨʦʜ 
170

 o
C, 72ʯ 

P42/mnm  

(ʠ I4/mmm) 

a = b = 9.033 ( ʠ 

6.388) 

c = 10.711 (ʠ 

10.666) 

102 ʦʪʥ. Na, C/10 [93-95] 

x = 2 
V2O5, NH4H2PO4, NaF, 

H2C2O4 
170

 o
C, 12ʯ I4/mmm 

a = b = 6.380,  

c = 10.618 
128 ʦʪʥ. Na, C/10 [96] 

*ʊʌ ï ʪʚʝʨʜʦʬʘʟʥʳʡ, ɻʊ- ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ, ʄɸ ï ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ 
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ʊʘʢ ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [74] ʠ [76] ʘʚʪʦʨʳ ʥʘʙʣʶʜʘʣʠ ʦʙʨʘʟʦʚʘʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʠ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ʧʨʦʜʫʢʪʘ, ʦʜʥʘʢʦ ʧʨʠ ʚʥʠʤʘʪʝʣʴʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʠ ʧʨʦʬʠʣʴ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʦʡ ʢʨʠʚʦʡ çʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳè ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

Na3V2(PO4)3, ʘ ʜʣʷ çʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟèr ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʩʦʚʧʘʜʝʥʠʝ ʩ Na3V2(PO4)2F3. ɸʚʪʦʨʳ 

ʨʘʙʦʪʳ [82] ʧʨʠʧʠʩʳʚʘʶʪ ʧʨʦʜʫʢʪʫ ʬʦʨʤʫʣʫ NaVPO4F ʩ ʧʨ. ʛʨ. ʉ2/ʩ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʥʘ 

ʧʨʠʚʝʜʸʥʥʳʭ ʚ ʩʪʘʪʴʝ ʥɻʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʧʝʢʪʨʘʭ ʦʪʩʫʪʩʪʚʫʝʪ ʩʠʛʥʘʣ ʦʪ ʘʪʦʤʦʚ ʬʪʦʨʘ, ʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʤʫ Na3V2(PO4)3. 

ʇʝʨʚʘʷ ʨʘʙʦʪʘ, ʩʪʘʚʷʱʘʷ ʧʦʜ ʩʦʤʥʝʥʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʬʘʟʳ ʩʦ ʩʪʝʭʠʦʤʝʪʨʠʝʡ NaVPO4F, 

ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ E. Baudrin ʩ ʩʦʘʚʪʦʨʘʤʠ [67]. ɸʚʪʦʨʳ ʧʳʪʘʣʠʩʴ ʚʦʩʧʨʦʠʟʚʝʩʪʠ 

ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ, ʦʧʠʩʘʥʥʳʡ ʚ ʨʘʙʦʪʝ [72], ʦʜʥʘʢʦ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʡ ʧʨʦʜʫʢʪ ʠʤ 

ʫʜʘʣʦʩʴ ʪʦʣʴʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʟʙʳʪʢʘ NaF ʠ ʧʨʠ ʦʪʞʠʛʝ ʥʘ ʚʦʟʜʫʭʝ, ʘ ʥʝ ʚ ʠʥʝʨʪʥʦʡ 

ʘʪʤʦʩʬʝʨʝ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʦʝ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʦʝʜʠʥʝʥʠʝ ʥʘ ʩʘʤʦʤ ʜʝʣʝ 

ʷʚʣʷʝʪʩʷ Na3V2O2(PO4)2F ʩ ʧʨ. ʛʨ. I4/mmm.  

ʉʠʥʪʝʟʠʨʦʚʘʪʴ ʦʜʥʦʬʘʟʥʳʡ NaVPO4F ʠ ʦʜʥʦʟʥʘʯʥʦ ʫʩʪʘʥʦʚʠʪʴ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʫʜʘʣʦʩʴ 

ʣʠʰʴ ʚ 2017ʛ. L. Croguennec ʩ ʩʦʘʚʪʦʨʘʤʠ [83]. ʆʥʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʣʫʯʝʥʠʝ ʦʜʥʦʬʘʟʥʦʛʦ 

ʧʨʦʜʫʢʪʘ ʚʦʟʤʦʞʥʦ ʧʨʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʤ ʩʠʥʪʝʟʝ ʚ ʪʝʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

(ʧʦʨʷʜʢʘ 24 ʯʘʩʦʚ) ʩʦ ʩʪʨʦʛʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʨʝʘʛʝʥʪʦʚ, ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ ʙʳʣʘ ʚʟʷʪʘ ʚ ʠʟʙʳʪʢʝ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ NaVPO4F (ʧʨ. ʛʨ. C2/c) ʷʚʣʷʝʪʩʷ ʧʦʜʦʙʥʦʡ ʤʠʥʝʨʘʣʫ ʪʘʚʦʨʠʪʫ 

(LiFePO4(OH)), ʘ ʠʦʥʳ ʚʘʥʘʜʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʯʘʩʪʠʯʥʦ ʦʢʠʩʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ V
+3/+4
, ʯʪʦ 

ʦʪʨʘʞʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʢʦʨʦʪʢʠʭ ʚʘʥʘʜʠʣʴʥʳʭ ʩʚʷʟʝʡ V=O ʠ ʧʨʠʚʦʜʠʪ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ 

ʠʩʢʘʞʝʥʠʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʣʠʵʜʨʘ VO4F2 ʠ ʨʝʘʣʴʥʦʤʫ ʩʦʩʪʘʚʫ NaV
+3

0.85(V
+4

O)0.15(PO4)F0.85. ʅʘ 

ʨʠʩʫʥʢʝ 1.19 ʧʨʠʚʝʜʝʥʘ ʩʪʨʫʢʪʫʨʘ ʤʦʥʦʢʣʠʥʥʦʛʦ NaVPO4F. 

 

ʈʠʩʫʥʦʢ 1.19. ʉʪʨʫʢʪʫʨʘ NaVPO4F ʚ ʧʨ. ʛʨ. ʉ2/ʩ [83] ʚ ʧʦʣʠʵʜʨʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ. 
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ɹʦʣʝʝ ʪʦʛʦ, ʘʚʪʦʨʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʦʥʳ ʥʘʪʨʠʷ ʧʨʦʷʚʣʷʪʁ ʢʨʘʡʥʝ ʥʠʟʢʫʶ 

ʧʦʜʚʠʞʥʦʩʪʴ ʚ ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ ʪʘʚʦʨʠʪʘ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʜʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʧʨʦʷʚʣʷʝʪ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F 

J. Barker ʩ ʩʦʘʚʪʦʨʘʤʠ [62] ʚʧʝʨʚʳʝ ʚ 2006ʛ. ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ 

ʘʢʪʠʚʥʦʩʪʴ Na3V2(PO4)2F3 ʥʘ ʧʨʠʤʝʨʝ ʛʠʙʨʠʜʥʦʡ ʷʯʝʡʢʠ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʜʣʷ 

Na3V2(PO4)2F3 ʚʳʩʪʫʧʘʣ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ, ʧʦʢʘʟʘʚ, ʪʝʤ ʩʘʤʳʤ, ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘʪʨʠʝʚʳʭ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʜʣʷ ʥʘʪʨʠʡ- ʠ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ Na3V2(PO4)2F3 ʚ ʨʘʩʯʸʪʝ ʥʘ ʜʝʠʥʪʝʨʢʘʣʷʮʠʶ ʪʨʸʭ ʠʦʥʦʚ ʥʘʪʨʠʷ 

ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʩʦʩʪʘʚʣʷʝʪ 192 ʤɸʯ/ʛ (Na3V2(PO4)2F3 Ÿ V2(PO4)2F3 + 3Na
+
 + 3e

ī
). ʂʘʢ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʜʝʠʥʪʝʨʢʘʣʷʮʠʷ ʜʚʫʭ ʠʦʥʦʚ ʥʘʪʨʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 

3.0 ï 4.6 ɺ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ 123 ʤɸʯ/ʛ ʠ ʩʨʝʜʥʝʤʫ ʨʘʙʦʯʝʤʫ 

ʥʘʧʨʷʞʝʥʠʶ 4.1 ɺ ʦʪʥ. Li
+
/Li . ʅʘ ʟʘʨʷʜʥʦʡ ʢʨʠʚʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʧʣʘʪʦ 

ʧʨʠ 3.8 ʠ 4.35 ɺ, ʢʦʪʦʨʳʝ ʧʦʚʪʦʨʷʶʪʩʷ ʥʘ ʨʘʟʨʷʜʝ ʠ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ 

ʦʙʨʘʪʠʤʦʩʪʠ ʧʨʦʮʝʩʩʘ. ɺ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʝ ʮʠʢʣʠʨʦʚʘʥʠʝ: ʧʦʩʣʝ 250 

ʮʠʢʣʦʚ ʟʥʘʯʝʥʠʝ ʦʙʨʘʪʠʤʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʜʦʩʪʠʛʘʝʪ 100 ʤɸʯ/ʛ. ʀʟʚʣʝʯʝʥʠʝ ʪʨʝʪʴʝʛʦ ʠʦʥʘ 

ʧʨʦʠʩʭʦʜʠʪ ʣʠʰʴ ʧʨʠ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʤ ʥʘʧʨʷʞʝʥʠʠ ʧʦʨʷʜʢʘ 5 ɺ, ʢʦʪʦʨʦʝ ʥʘʭʦʜʠʪʩʷ ʚʳʰʝ 

ʦʢʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʙʦʣʴʰʠʥʩʪʚʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ [7] ʠ ʧʨʠʚʦʜʠʪ 

ʢ ʥʝʦʙʨʘʪʠʤʦʡ ʧʦʪʝʨʠ ʸʤʢʦʩʪʠ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʢ ʜʝʛʨʘʜʘʮʠʠ 

ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)2F3. 

ʀʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Na3V2(PO4)2F3 ʚ ʥʘʪʨʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [84]. ʌʦʨʤʳ ʢʨʠʚʳʭ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʚ 

ʥʘʪʨʠʝʚʦʡ ʧʦʣʫʷʯʝʡʢʝ ʩʦʚʧʘʜʘʶʪ ʩ ʥʘʙʣʶʜʘʝʤʳʤʠ ʨʘʥʝʝ ʚ ʣʠʪʠʝʚʦʡ: ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʘ ʷʨʢʦ-

ʚʳʨʘʞʝʥʥʳʭ ʧʣʘʪʦ, ʦʜʥʘʢʦ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ 3.7 ʠ 4.2 ɺ ʦʪʥ. Na
+
/Na. ʇʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 2.0 ï 4.3 ɺ, ʦʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʩʦʩʪʘʚʠʣʘ ~110 

ʤɸʯ/ʛ, ʩʨʝʜʥʝʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʦʢʦʣʦ 3.95 ɺ ʦʪʥ. Na
+
/Na. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʨʫʛʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x (0 Ò ʭ 

Ò 2) ï Na3V2O2(PO4)2F ï ʚ ʥʘʪʨʠʝʚʳʭ ʷʯʝʡʢʘʭ ʙʳʣʠ ʚʧʝʨʚʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ F. Sauvage ʩ 

ʩʦʘʚʪʦʨʘʤʠ ʚ 2006ʛ. [67]. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ Na3V2O2(PO4)2F ʩʦʩʪʘʚʣʷʝʪ 130 

ʤɸʯ/ʛ (ʠʟ ʨʘʩʯʸʪʘ ʥʘ ʜʚʘ Na
+
), ʪ.ʝ. ʥʝʤʥʦʛʦ ʚʳʰʝ, ʯʝʤ ʫ Na3V2(PO4)2F3 ʟʘ ʩʯʝʪ ʤʝʥʴʰʝʡ 

ʤʦʣʷʨʥʦʡ ʤʘʩʩʳ ʠʟ-ʟʘ ʟʘʤʝʥʳ ʜʚʫʭ ʘʪʦʤʦʚ ʬʪʦʨʘ ʥʘ ʙʦʣʝʝ ʣʸʛʢʠʝ ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ. ʅʝʩʤʦʪʨʷ 

ʥʘ ʨʘʟʣʠʯʠʝ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚʘʥʘʜʠʷ ʜʣʷ ʜʚʫʭ ʛʨʘʥʠʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ, ʬʦʨʤʘ 

ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʜʣʷ ʥʠʭ ʩʦʚʧʘʜʘʝʪ: (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ ʥʘʪʨʠʷ ʠʟ/ʚ 

Na3V2O2(PO4)2F ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʘ ʵʪʘʧʘ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʥʘʣʠʯʠʝ ʜʚʫʭ ʧʣʘʪʦ ʥʘ ʢʨʠʚʦʡ 
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ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʦʜʥʘʢʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʘʞʫʱʘʷʩʷ ʥʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʦʜʠʥʘʢʦʚʦʡ ʬʦʨʤʘ ʢʨʠʚʳʭ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʠ Na3V2O2(PO4)2F ʧʨʠ ʚʥʠʤʘʪʝʣʴʥʦʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʦʙʥʘʨʫʞʠʚʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ.  

ʇʨʠʯʠʥʳ ʨʘʟʣʠʯʠʷ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ Na3V2Ox(PO4)2F3-x (0 Ò 

ʭ Ò 2) ʠʟʫʯʘʣʠ ʤʥʦʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ [71, 84, 97, 98]. ʇʨʠ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʠʟ 

ʩʦʝʜʠʥʝʥʠʷ ʩ x = 2 ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʦʡ, ʫʯʘʩʪʚʫʶʱʝʡ ʚ ʧʨʦʮʝʩʩʝ, ʷʚʣʷʝʪʩʷ 

V
+5

/V
+4
, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʩʣʫʯʘʝ x = 0 ʫʯʘʩʪʚʫʝʪ ʜʨʫʛʘʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʧʘʨʘ ï 

V
+4

/V
+3

 [97]. ʉʪʘʥʜʘʨʪʥʳʡ ʧʦʪʝʥʮʠʘʣ ʧʝʨʚʦʡ ʧʘʨʳ ʥʘ 0.66 ɺ ʚʳʰʝ, ʯʝʤ ʚʪʦʨʦʡ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ Na3V2O2(PO4)2F ʥʠʞʝ, ʯʝʤ ʫ Na3V2(PO4)2F3, ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 

ʩʠʣʴʥʦʛʦ ʠʥʜʫʢʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ, ʚʳʟʚʘʥʥʦʛʦ ʧʨʠʩʫʪʩʪʚʠʝʤ ʙʦʣʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʳʩʦʢʦ-

ʵʣʝʢʪʨʦʦʪʨʠʮʘʪʝʣʴʥʳʭ ʘʪʦʤʦʚ ʬʪʦʨʘ (ʨʠʩ. 1.20ʘ). ʅʘʣʠʯʠʝ ʦʙʱʝʛʦ ʜʣʷ ʚʩʝʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʩʝʤʝʡʩʪʚʘ ʩʢʘʯʢʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʧʦʩʣʝ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʦʜʥʦʛʦ ʠʦʥʘ 

ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ (ʨʠʩ. 1.20ʘ) ʛʦʚʦʨʠʪ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʩʪʘʙʠʣʴʥʦʡ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʬʘʟʳ Na2V2Ox(PO4)2F3-x [97]. ʉʪʘʙʠʣʠʟʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ 

ʫʤʝʥʴʰʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʤʝʞʜʫ ʠʦʥʘʤʠ ʥʘʪʨʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʠʭ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʚ ʪʨʘʥʩ-ʧʦʣʦʞʝʥʠʝ [84, 86] ʢʘʢ ʧʦʢʘʟʘʥʦ 

ʥʘ ʨʠʩʫʥʢʝ 1.20ʙ.  

 

ʈʠʩʫʥʦʢ 1.20. ʂʨʠʚʳʝ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʢʨʠʚʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʩʦʩʪʘʚʘ dV/dy (ʘ), ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʤʝʞʜʫ 

ʧʦʟʠʮʠʷʤʠ ʚ ʩʪʨʫʢʪʫʨʝ Na2V2Ox(PO4)2F3-x (ʙ) [97]. 

ɼʨʫʛʠʤ ʟʘʤʝʪʥʳʤ ʦʪʣʠʯʠʝʤ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)2F3 ʦʪ ʧʨʦʬʠʣʷ 

Na3V2O2(PO4)2F ʷʚʣʷʶʪʩʷ ʜʚʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʢʘʯʢʘ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʠʟʚʣʝʯʝʥʠʠ ~0.57 ʠ 

(ʘ)                                                         (ʙ) 

y ʚ NayV2Ox(PO4)2F3-x 

x = 0 - ʩʠʥʠʡ 
x = 2 - ʢʨʘʩʥʳʡ 
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~1.45 ʠʦʥʦʚ ʥʘʪʨʠʷ, ʢʦʪʦʨʳʝ ʷʚʥʦ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʧʠʢʦʚ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʩʦʩʪʘʚʘ dV/dy (ʨʠʩ. 1.19ʘ). ʕʪʦ ʛʦʚʦʨʠʪ 

ʦ ʚʦʟʤʦʞʥʦʤ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 

ʩʦʩʪʘʚʘʤʠ. 

ɹʦʣʝʝ ʪʦʛʦ, ʜʘʞʝ ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʬʪʦʨʘ ʥʘ ʢʠʩʣʦʨʦʜ (x Ò 0.5) ʚʳʟʳʚʘʝʪ ʟʘʤʝʪʥʳʝ 

ʠʟʤʝʥʝʥʠʷ ʚ ʧʨʦʬʠʣʝ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʨʠʩ. 1.21): ʯʝʤ ʙʦʣʴʰʝ ʚ ʩʦʝʜʠʥʝʥʠʠ 

V
+4
, ʪʝʤ ʧʨʦʬʠʣʴ ʝʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʙʦʣʝʝ ʧʣʘʚʥʳʡ [71]. ɺ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ (ʤʝʞʜʫ 

3.5 ʠ 3.8 ɺ ʦʪʥ. Na
+
/Na) ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ x = 0 ʠ 0.1 ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʦʪʯʝʪʣʠʚʦ 

ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʘ ʦʢʦʣʦ 3.65 ɺ; ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ V
+4

 ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʠʢʦʚ ʫʤʝʥʴʰʘʝʪʩʷ, ʠ ʦʥʠ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʦʜʠʥ ʰʠʨʦʢʠʡ ʘʩʠʤʤʝʪʨʠʯʥʳʡ ʧʠʢ. ɺ ʦʙʣʘʩʪʠ 

ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ (ʤʝʞʜʫ 3.9 ʠ 4.3 ɺ) ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩ ʧʝʨʝʭʦʜʦʤ ʦʪ 

ʠʥʪʝʥʩʠʚʥʳʭ ʧʠʢʦʚ ʦʢʦʣʦ 4.2 ɺ ʜʣʷ x = 0 ʢ ʙʦʣʝʝ ʰʠʨʦʢʠʤ ʧʠʢʘʤ ʜʣʷ ʩʦʩʪʘʚʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʚʘʥʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ. ʉʛʣʘʞʠʚʘʥʠʝ ʧʨʦʬʠʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʬʪʦʨʘ ʥʘ ʢʠʩʣʦʨʦʜ ʚʣʝʯʸʪ ʟʘ ʩʦʙʦʡ ʩʤʝʥʫ ʤʝʭʘʥʠʟʤʘ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʩ ʜʚʫʭʬʘʟʥʦʛʦ ʥʘ ʦʜʥʦʬʘʟʥʳʡ (ʤʝʭʘʥʠʟʤ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ). 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʧʦʟʜʥʝʝ, ʩʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʠʷ ʚ ʤʝʭʘʥʠʟʤʘʭ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x. 

 

ʈʠʩʫʥʦʢ 1.21. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʢʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na2V2Ox(PO4)2F3-x (x Ò 0.5) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʸʤʢʦʩʪʠ dQ/dE [71]. 

ɼʦʣʛʦʝ ʚʨʝʤʷ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʩʪʫʧʝʥʝʡ ʥʘ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʩʪʝʧʝʥʥʦʤʫ ʠʟʚʣʝʯʝʥʠʶ ʥʘʪʨʠʷ ʠʟ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ. 

ʉʥʘʯʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʜʝʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ ʥʘʪʨʠʷ ʠʟ ʧʦʟʠʮʠʠ Na2, ʘ ʟʘʪʝʤ ʩʣʝʜʫʝʪ ʠʟʚʣʝʯʝʥʠʝ 

ʥʘʪʨʠʷ ʠʟ ʧʦʟʠʮʠʠ Na1 [84, 99, 100]. ʆʪʩʫʪʩʪʚʠʝ ʧʦʜʦʙʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʉ. 

Grey ʩ ʩʦʘʚʪʦʨʘʤʠ [101] ʩ ʧʦʤʦʱʴʶ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʷʜʝʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ. ʅʘ 

ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʷʭ ʟʘʨʷʜʘ ʵʢʩʪʨʘʢʮʠʷ ʥʘʪʨʠʷ ʧʨʦʠʩʭʦʜʠʪ ʢʘʢ ʠʟ ʧʦʟʠʮʠʡ Na1, ʪʘʢ ʠ ʠʟ Na2, ʧʦ 

ʢʨʘʡʥʝʡ ʤʝʨʝ, ʚʧʣʦʪʴ ʜʦ ʠʟʚʣʝʯʝʥʠʷ 0.9 ʠʦʥʦʚ Na
+
. ʇʦʜʚʠʞʥʦʩʪʴ Na

+
 ʧʦʩʪʦʷʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 
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ʩ ʨʦʩʪʦʤ ʛʣʫʙʠʥʳ ʟʘʨʷʜʘ, ʪʘʢ ʢʘʢ ʚ ʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʫʝʪʩʷ ʙʦʣʴʰʝ ʚʘʢʘʥʩʠʡ. ʇʨʠ y = 0.9 ʯʘʩʪʦʪʘ 

ʩʢʘʯʢʦʚ ʤʝʞʜʫ ʜʚʫʤʷ ʧʦʟʠʮʠʷʤʠ Na ʩʦʩʪʘʚʣʷʝʪ Ó4.6 ʢɻʮ. ʕʪʦ ʙʳʩʪʨʦʝ ʜʚʠʞʝʥʠʝ Na ʜʦʣʞʥʦ 

ʯʘʩʪʠʯʥʦ ʦʪʚʝʯʘʪʴ ʟʘ ʭʦʨʦʰʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ-

ʥʘʪʨʠʷ [101].  

ʀʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʘ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʤʥʦʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ 

[84, 90, 92, 97, 98, 100, 102-104]. ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʜʣʷ Na3V2(PO4)2F3 ʠ 

Na3V2O2(PO4)2F ʭʘʨʘʢʪʝʨʝʥ ʤʝʭʘʥʠʟʤ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚʦ ʚʩʸʤ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ [84, 90, 

100]. ʆʜʥʘʢʦ ʧʦʟʜʥʝʝ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ in situ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, ʙʳʣʘ 

ʫʩʪʘʥʦʚʣʝʥʘ ʩʣʦʞʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʠ ʯʝʨʝʜʦʚʘʥʠʝ ʫʯʘʩʪʢʦʚ, ʥʘ 

ʢʦʪʦʨʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʢʘʢ ʧʦ ʤʝʭʘʥʠʟʤʫ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʪʘʢ ʠ ʧʦ 

ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ʅʘ ʨʠʩʫʥʢʝ 1.22 ʧʨʠʚʝʜʝʥʳ ʜʠʘʛʨʘʤʤʳ, ʦʪʨʘʞʘʶʱʠʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x (0 Ò ʭ Ò 2) ʚ ʥʘʪʨʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ.  

 

ʈʠʩʫʥʦʢ 1.22. ʉʨʘʚʥʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʮʠʢʣʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ 

ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ [104]. 

ɺʠʜʥʦ, ʯʪʦ ʜʣʷ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ ʩʝʤʝʡʩʪʚʘ, ʚ ʢʦʪʦʨʳʭ ʚʘʥʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʙʦʣʝʝ 

ʦʢʠʩʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ V
+4

 (ʨʠʩ. 1.22ʘ) ʠ V
+3.8

 (ʨʠʩ. 1.22ʙ) (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʷ ʥʘʪʨʠʷ ʧʨʦʠʩʭʦʜʠʪ 

(ʘ)              (ʙ) 

 

 

 

 

 

 

(ʚ)            (ʛ) 
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ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʦ ʦʜʥʦʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʘ ʜʚʫʭʬʘʟʥʳʝ ʦʙʣʘʩʪʠ, 

ʚʳʜʝʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʘʭ ʛʦʣʫʙʳʤ ʠ ʬʠʦʣʝʪʦʚʳʤ ʮʚʝʪʘʤʠ ʷʚʣʷʶʪʩʷ ʥʝʧʨʦʜʦʣʞʠʪʝʣʴʥʳʤʠ. 

ʅʘʧʨʦʪʠʚ, ʜʣʷ ʩʦʩʪʘʚʦʚ, ʚ ʢʦʪʦʨʳʭ ʚʘʥʘʜʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ +3 (ʨʠʩ. 1.22ʚ) ʠʣʠ 

ʙʣʠʟʢʦ ʢ ʥʝʡ (ʨʠʩ. 1.22ʛ) ʭʘʨʘʢʪʝʨʥʳ ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʝ ʦʙʣʘʩʪʠ, ʚ ʢʦʪʦʨʳʭ ʨʝʘʢʮʠʷ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʧʨʦʪʝʢʘʝʪ ʧʦ ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ, ʠ ʢʦʨʦʪʢʠʝ ʫʯʘʩʪʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʤʝʭʘʥʠʟʤʫ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (ʟʝʣʸʥʳʡ ʠ ʩʝʨʳʡ). ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ʚʩʝʭ 

ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʩʦʭʨʘʥʷʝʪʩ ̫ʧʦʣʠʵʜʨʠʯʝʩʢʠʡ ʢʘʨʢʘʩ 

ʠʩʭʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠ.̫ ʆʩʥʦʚʥʦʝ ʨʘʟʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠʦʥʦʚ ʥʘʪʨʠʷ, ʟʘ ʩʯʝʪ 

ʯʝʛʦ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʛʨʫʧʧ.r ʀʥʪʝʨʝʩʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʙʳʣʦ ʩʜʝʣʘʥʦ ʚ ʨʘʙʦʪʝ [104] ʛʜʝ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ, ʙʣʠʟʢʦʛʦ ʧʦ 

ʩʦʩʪʘʚʫ ʢ Na3V
+3

2(PO4)2F3, ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʥʝʦʙʨʘʪʠʤʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ Amam  

P42/mnm, ʦʩʫʱʝʩʪʚʣʷʶʱʠʡʩʷ ʥʘ ʧʝʨʚʳʭ ʩʪʘʜʠʷʭ ʟʘʨʷʜʘ. ʅʝʪʨʠʚʠʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠ ʠʟʤʝʥʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠ ̫ʚʘʥʘʜʠʷ ʧʨʠ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʠʟ Na3V2(PO4)2F3 [105] ʠ ʚʢʣʶʯʘʝʪ 

ʚ ʩʝʙʷ ʯʘʩʪʠʯʥʦʝ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʝ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʚ ʭʦʜʝ ʟʘʨʷʜʘ V
+4

 ʥʘ V
+3

 ʠ V
+5

, 

ʧʨʠʯʸʤ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʣʝ ʠʟʚʣʝʯʝʥʠʷ ʦʜʥʦʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʠ ʜʦʩʪʠʞʝʥʠʷ 

ʩʦʩʪʘʚʘ Na2V
III

V
IV

(PO4)2F3. 

ɿʘʪʨʫʜʥʸʥʥʦʝ ʠʟʚʣʝʯʝʥʠʝ ʪʨʝʪʴʝʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʜʣʷ ʩʝʤʝʡʩʪʚʘ Na3V2Ox(PO4)2F3-x ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʚ ʨʘʙʦʪʘʭ [97, 106, 107]. ʈʘʩʯʸʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʠʟʚʣʝʯʝʥʠʝ ʪʨʝʪʴʝʛʦ ʠʦʥʘ ʥʘʪʨʠʷ 

ʪʨʝʙʫʝʪ ʥʘʧʨʷʞʝʥʠʷ ʧʦʨʷʜʢʘ 5 ɺ, ʧʨʠʯʸʤ ʜʣʷ ʧʨʝʜʩʪʘʚʠʪʝʣʷ Na3V2O2(PO4)2F ʵʪʦ ʟʥʘʯʝʥʠʝ 

ʥʘʤʥʦʛʦ ʚʳʰʝ ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʨʝʘʢʮʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʜʦʣʞʥʘ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ 

ʦʢʠʩʣʝʥʠʝʤ V
+5

V
+6

 [97] (ʨʠʩ. 1.23ʘ). ɹʦʣʝʝ ʪʦʛʦ, ʧʨʦʮʝʩʩ ʟʘʪʨʫʜʥʷʝʪʩʷ ʨʝʟʢʠʤ ʧʘʜʝʥʠʝʤ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʥʘʪʨʠʷ ʚʙʣʠʟʠ ʩʦʩʪʘʚʘ Na1V2Ox(PO4)2F3-x, ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʥʘʣʠʯʠʝʤ 

ʩʠʣʴʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ Na
+
, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʜʚʠʞʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ 

[107]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʚʝʜʝʥʠʝ ʜʝʬʝʢʪʦʚ ʚ ʢʘʪʠʦʥʥʫʶ ʠʣʠ ʘʥʠʦʥʥʫʶ ʧʦʜʨʝʰʸʪʢʠ, ʥʘʧʨʠʤʝʨ, ʟʘ 

ʩʯʝʪ ʜʦʧʠʨʦʚʘʥʠʷ, ʤʦʞʝʪ ʦʙʣʝʛʯʠʪʴ ʠʟʚʣʝʯʝʥʠʝ ʪʨʝʪʴʝʛʦ ʠʦʥʘ ʥʘʪʨʠʷ [106]. ʅʘ ʨʠʩʫʥʢʝ 1.21ʙ 

ʧʦʢʘʟʘʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪ ɹʠʟʚʣʝʯʝʥʠʝ Na
+
 

ʧʦʩʣʝ ʟʘʤʝʱʝʥʠ ̫ʬʪʦʨʘ ʥʘ ʨʘʟʣʠʯʥʳʝ ʘʥʠʦʥʥʳʝ ʛʨʫʧʧʠʨʦʚʢʠ. 
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ʈʠʩʫʥʦʢ 1.23. ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ (ʘ) ʜʣʷ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ 

ʥʘʪʨʠʷ ʠʟ ʩʪʨʫʢʪʫʨʳ Na3V2Ox(PO4)2F3-x ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ x [97] ʠ (ʙ) ʧʨʠ ʘʥʠʦʥʥʦʤ ʟʘʤʝʱʝʥʠʠ 

F
-
 [106]. 

ʊʘʚʦʨʠʪʦʧʦʜʦʙʥʳʡ NaVPO4F ʧʨʦʷʚʣʷʝʪ ʢʨʘʡʥʝ ʥʠʟʢʫʶ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʟʘ ʩʯʪy ʤʘʣʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʢʘʪʠʦʥʦʚ ʥʘʪʨʠʷ. ʕʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [83], ʚ 

ʢʦʪʦʨʦʡ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʠ ʧʫʪʠ ʜʠʬʬʫʟʠʠ ʥʘʪʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ. ɺʦʟʤʦʞʥʘʷ 

ʪʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ ʪʘʚʦʨʠʪʘ ʷʚʣʷʝʪʩʷ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ, ʘ 

ʧʝʨʝʤʝʱʝʥʠʝ Na
+
 ʠʟ ʦʜʥʦʡ ʧʦʟʠʮʠʠ ʚ ʜʨʫʛʫʶ ʪʨʝʙʫʝʪ ʵʥʝʨʛʠʠ ʚʳʰʝ 3 ʵɺ ʧʨʠ ʩʪʘʥʜʘʨʪʥʳʭ 1.6 

ʵɺ ʜʣʷ ʧʦʣʠʘʥʠʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ʅʘ ʨʠʩʫʥʢʝ 1.24 ʧʨʠʚʝʜʝʥʳ ʢʨʠʚʳʝ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʮʠʢʣʠʨʦʚʘʥʠʷ NaVPO4F ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʘʚʦʨʠʪʦʧʦʜʦʙʥʳʤ LiVPO4F.  

 

ʈʠʩʫʥʦʢ 1.24. ʂʨʠʚʳʝ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ NaVPO4F (ʩʠʥʠʡ) ʠ LiVPO4F 

(ʯʝʨʥʳʡ) ʦʪʥ. Na
+
/Na ʚ ʩʨʘʚʥʝʥʠʠ ʩ LiVPO4F ʦʪʥ. Li

+
/Li  (ʩʝʨʳʡ) ʧʨʠ ʩʢʦʨʦʩʪʠ C/50. ʐʢʘʣʳ 

ʥʘʧʨʷʞʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ Li
+
/Li ʠ Na

+
/Na ʩʤʝʱʝʥʳ ʥʘ 0.3 ɺ [83]. 

 (ʘ)                                                               (ʙ) 
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ʇʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ LiVPO4F ʚ ʥʘʪʨʠʝʚʦʡ ʧʦʣʫʷʯʝʡʢʝ ʥʘ ʟʘʨʷʜʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʝ ʠʟʚʣʝʯʝʥʠʝ ʣʠʪʠʷ ʠʟ ʩʪʨʫʢʪʫʨʳ ʢʘʪʦʜʘ. ʇʨʠ ʵʪʦʤ ʥʘ ʧʦʩʣʝʜʫʶʱʝʤ ʨʘʟʨʷʜʝ ʧʨʦʠʩʭʦʜʠʪ 

ʠʥʪʝʨʢʘʣʷʮʠʷ ʣʠʰʴ 0.3 ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʠʟʢʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʥʘʪʨʠʷ ʚ ʩʪʨʫʢʪʫʨʝ ʪʘʚʦʨʠʪʘ. 

ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʬʦʩʬʘʪʦʤ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ Na3V2(PO4)3, ʜʣʷ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʤʦʞʥʦ 

ʦʞʠʜʘʪʴ ʠʥʪʝʨʢʘʣʷʮʠʶ ʜʦʙʘʚʦʯʥʦʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ, ʪʝʤ ʙʦʣʝʝ, ʯʪʦ ʚ 

ʩʪʨʫʢʪʫʨʝ ʠʤʝʶʪʩʷ ʩʚʦʙʦʜʥʳʝ ʧʦʟʠʮʠʠ ʥʘʪʨʠʷ, ʧʨʝʜʦʩʪʘʚʣʷʶʱʠʝ ʪʘʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ. J.-M. 

Tarascon ʩ ʩʦʘʚʪʦʨʘʤʠ [108] ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʩʦʝʜʠʥʝʥʠʝ Na4V2(PO4)2F3 (ʧʨ. ʛʨ. Amam) 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʤʝʰʝʥʠʝʤ ʦʜʥʦʬʘʟʥʦʛʦ Na3V2(PO4)2F3 ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʥʘʪʨʠʝʤ ʠʣʠ Na3P ʚ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʚ ʪʝʯʝʥʠʝ ʪʨʸʭ ʯʘʩʦʚ. ɼʦʙʘʚʣʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʥʘʪʨʠʡ ʧʨʠ ʧʝʨʚʦʤ 

ʟʘʨʷʜʝ ʚʳʭʦʜʠʪ ʠʟ ʩʪʨʫʢʪʫʨʳ ʠ ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʧʦʙʦʯʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʷʯʝʡʢʝ, ʪʝʤ ʩʘʤʳʤ, 

ʧʦʟʚʦʣʷʷ ʦʩʪʘʚʰʠʤʩʷ ʪʨʸʤ ʠʦʥʘʤ ʥʘʪʨʠʷ ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʘʭ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ 

ʙʝʟ ʧʦʪʝʨʠ ʸʤʢʦʩʪʠ. ɹʳʣʠ ʩʜʝʣʘʥʳ ʧʦʧʳʪʢʠ ʧʦʣʫʯʠʪʴ Na4V2(PO4)2F3 ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʠʟ 

Na3V2(PO4)2F3 ʧʨʠ ʛʣʫʙʦʢʦʤ ʨʘʟʨʷʜʝ. ʄʝʪʦʜʦʤ in situ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʜʘʞʝ ʨʘʟʨʷʜ ʧʨʠ ʢʨʘʡʥʝ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʜʦ ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ (0.01 ɺ) 

ʧʨʠʚʦʜʠʪ ʪʦʣʴʢʦ ʢ ʜʚʫʭʬʘʟʥʦʤʫ ʢʦʤʧʦʟʠʪʫ, ʩʦʩʪʦʷʱʝʤʫ ʠʟ 40 ʤʦʣ.% Na3V2(PO4)2F3 ʠ 60 ʤʦʣ.% 

Na4V2(PO4)2F3, ʭʦʪʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʜʦʣʞʝʥ ʧʨʦʠʩʭʦʜʠʪ ɹ

ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʦʢʦʣʦ 1.5-1.7 ɺ ʦʪʥ. Na
+
/Na [107]. ʉʦʛʣʘʩʥʦ ʨʘʩʯʸʪʘʤ ʘʚʪʦʨʦʚ ʨʘʙʦʪʳ [109], 

ʜʦʣʞʥʘ ʩʫʱʝʩʪʚʦʚʘʪʴ ʥʝʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʚ ʟʥʘʯʝʥʠʷʭ ʥʘʧʨʷʞʝʥʠ ̫ʠʥʪʝʨʢʘʣʷʮʠʠ ʜʦʙʘʚʦʯʥʦʛʦ 

ʥʘʪʨʠʷ ʚ Na3V2(PO4)2F3 (~1.7 ɺ) ʠ ʚ Na3V2O2(PO4)2F (~2 ɺ). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʜʦʙʠʪʴʩʷ ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʟʥʘʯʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ Na3V2(PO4)2F3 ʥʝ ʫʜʘʣʦʩʴ. 

ɸʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʵʪʦ ʩ ʩʠʣʴʥʳʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʦʪʪʘʣʢʠʚʘʥʠʝʤ ʤʝʞʜʫ ʠʦʥʘʤʠ Na
+
, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʤ ʨʘʟʤʝʱʝʥʠʶ ʜʦʙʘʚʦʯʥʳʭ ʠʦʥʦʚ Na
+
 ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ ʚʘʢʘʥʩʠʠ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ, ʜʣʷ Na3V2O2(PO4)2F ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ ʜʠʘʧʘʟʦʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʪʦ, 

ʦʪʚʝʯʘʶʱʝʝ ʟʘ ʚʥʝʜʨʝʥʠʝ ʯʝʪʚʸʨʪʦʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ 

ʘʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʪʝʤ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʬʪʦʨʘ ʥʘ ʢʠʩʣʦʨʦʜ ʚʳʟʳʚʘʝʪ ʙʦʣʝʝ ʩʠʣʴʥʦʝ 

ʵʢʨʘʥʠʨʦʚʘʥʠʝ ʠʦʥʦʚ Na
+
 ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʠʭ ɻʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ. 

ɹʦʣʝʝ ʪʦʛʦ, ʧʦʩʢʦʣʴʢʫ ʫʧʦʨʷʜʦʯʝʥʠʝ ʠʦʥʦʚ Na
+
 ʚ ʩʪʨʫʢʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ ʠʭ 

ʧʦʜʚʠʞʥʦʩʪʠ, ʚʚʝʜʝʥʠʝ ʙʝʩʧʦʨʷʜʢʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʸʪʢʫ ʤʦʞʝʪ ʧʨʝʜʦʪʚʨʘʪʠʪʴ 

ʫʧʦʨʷʜʦʯʝʥʠʝ ʠ ʧʦʟʚʦʣʠʪ ʦʙʣʝʛʯʠʪʴ ʚʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʪʨʠʷ ʠʣʠ ʙʦʣʝʝ ʛʣʫʙʦʢʦʝ ʝʛʦ 

ʠʟʚʣʝʯʝʥʠʝ ʠʟ ʩʪʨʫʢʪʫʨʳ. ʊʘʢ, ʘʚʪʦʨʳ ʨʘʙʦʪʳ [109] ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ 

ʚʘʥʘʜʠʷ ʥʘ ʘʣʶʤʠʥʠʡ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʠʥʪʝʨʢʘʣʷʮʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʦʥʦʚ Na
+
 ʧʨʠ ʥʠʟʢʠʭ 

ʥʘʧʨʷʞʝʥʠʷʭ. ɼʘʥʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʘʙʦʪʦʡ 2019ʛ. [110], ʚ ʢʦʪʦʨʦʡ ʘʚʪʦʨʘʤ 

ʫʜʘʣʦʩʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʠʟʚʣʝʯʴ ʚʝʩʴ ʥʘʪʨʠʡ ʠʟ ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)2F3 ʧʨʠ ʟʘʨʷʜʝ ʜʦ 4.8 ɺ 

ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞʢʦʡ ʧʨʠ ʚʳʩʦʢʦʤ ʥʘʧʨʷʞʝʥʠʠ (ʨʠʩ. 1.25). ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʫʝʪʩʷ ʥʦʚʘʷ 
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ʥeʫʧʦʨʷʜʦʯʝʥʥʘʷ ʬʘʟʘ V2(PO4)2F3 (ʧʨ. ʛʨ. I4/mmm). ʇʦʩʣʝʜʫʶʱʠʡ ʨʘʟʨʷʜ ʜʦ 3 ɺ ʧʨʠʚʦʜʠʪ ʢ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʪʦʣʴʢʦ ʜʚʫʭ ʠʦʥʦʚ ʥʘʪʨʠʷ, ʘ ʧʨʠ ʛʣʫʙʦʢʦʤ ʨʘʟʨʷʜʝ ʜʦ 1 ɺ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʠʥʪʝʨʢʘʣʠʨʫʶʪ ʝʱʸ 1.25 ʠʦʥʦʚ Na
+
 ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ 

ʧʨʠ ʟʘʨʷʜʝ ʩʦʝʜʠʥʝʥʠʷ, ʧʨʠʯʝʤ ʜʘʥʥʳʡ ʧʨʦʮʝʩʩ ʦʙʨʘʪʠʤ ʚ ʜʠʘʧʘʟʦʥʝ 4.4 ï 1.0 ɺ. 

 

ʈʠʩʫʥʦʢ 1.25. ʂʨʠʚʳʝ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ 

ʠʟʚʣʝʯʝʥʠʷ ʥʘʪʨʠʷ ʭ: ʮʠʬʨʳ ʚ ʥʘʟʚʘʥʠʠ ʦʙʨʘʟʮʦʚ ʦʙʦʟʥʘʯʘʶʪ ʭ ʚ NaʭV2(PO4)2F3 [110]. 

ʂʘʪʠʦʥʥʦʝ Na/Li  ʟʘʤʝʱʝʥʠʝ 

ʉʦʝʜʠʥʝʥʠʷ ʩʝʤʝʡʩʪʚʘ Na3V2Ox (PO4)2F3-x ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ rʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʥʝ ʪʦʣʴʢʦ ʚ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ, ʥʦ ʠ ʚ ʛʠʙʨʠʜʥʳʭ ʥʘʪʨʠʡ-ʣʠʪʠʝʚʳʭ ʘʢʢʫʤʫʣʷʪʦʨʘʭ. 

ʇʦʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʪʘʢʠʭ ʜʚʦʡʥʳʭ Na
+
/Li

+
 ʩʠʩʪʝʤʘʭ, ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʆʙʤʝʥ Na
+
 ʥʘ Li

+
 ʚ ʩʦʝʜʠʥʝʥʠʷʭ ʩʝʤʝʡʩʪʚʘ ʬʪʦʨʠʜ-

ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ ʧʨʦʚʦʜʠʣʠ ʢʘʢ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʚʦ ʚʨʝʤʷ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʪʘʢ ʠ 

ʥʘʧʨʷʤʫʶ ʭʠʤʠʯʝʩʢʠʤ ʦʙʤʝʥʦʤ.  

ʍʠʤʠʯʝʩʢʠʡ Na/Li  ʠʦʥʥʳʡ ʦʙʤʝʥ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʦ ʨʝʘʢʮʠʠ Na3V2(PO4)2F3 ʩ 

ʤʥʦʛʦʢʨʘʪʥʳʤ ʠʟʙʳʪʢʦʤ LiNO3 ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ ʚ ʪʝʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ [111]. ʇʨʠ 

ʵʪʦʤ ʘʚʪʦʨʘʤ ʫʜʘʣʦʩʴ ʧʨʦʚʝʩʪʠ ʟʘʤʝʱʝʥʠʝ ʣʠʰʴ 20 ʤʦʣ. % Na ʥʘ Li, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʦʨʤʫʣʝ 

Na2.6Li 0.6V2(PO4)2F3. ʇʦʣʫʯʝʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʩʦʭʨʘʥʷʝʪ ʩʪʨʫʢʪʫʨʫ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ, ʯʪʦ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʚ ʪʝʭ ʞʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ. 

ʇʨʠ ʵʪʦʤ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 874.6 ¡
3
 ʜʦ 872.4 ¡

3
, ʧʦʜʪʚʝʨʞʜʘʷ 

ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʢʘʪʠʦʥ ʩ ʤʝʥʴʰʠʤ ʨʘʜʠʫʩʦʤ. ʅʘ ʢʨʠʚʳʭ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʧʣʘʪʦ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ~3.8 ʠ 4.2 ɺ ʦʪʥ. Li
+
/Li, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤʫ ʦʪʢʣʠʢʫ Na3V2(PO4)2F3, ʦʜʥʘʢʦ ʧʣʘʪʦ ʚʳʨʘʞʝʥʳ ʥʝ ʷʚʥʦ, ʘ 
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ʬʦʨʤʘ ʢʨʠʚʦʡ ʷʚʣʷʝʪʩʷ ʩʛʣʘʞʝʥʥʦʡ. ɹʦʣʝʝ ʪʦʛʦ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʱʝʧʣʝʥʠʷ ʆɺ ʧʠʢʦʚ ʥʘ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘ ʜʚʘ ʙʣʠʟʢʠʭ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʧʠʢʘ, ʢʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ ʜʣʷ 

Na3V2(PO4)2F3. 

ɽʱʸ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ Na/Li  ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʨʝʜʩʪʘʚʠʪʝʣʝ ʩʝʤʝʡʩʪʚʘ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ - Na3V2O2(PO4)2F. ʆʙʤʝʥ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʨʘʩʪʚʦʨʝ LiBr ʚ ʥ-ʛʝʢʩʘʥʦʣʝ ʧʨʠ 160
ʦ
 ʚ ʪʝʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ: ʦʪ 

5 ʯʘʩʦʚ ʜʦ ʜʚʫʭ ʩʫʪʦʢ [106, 112, 113]. ʉʦʩʪʘʚ ʧʨʦʜʫʢʪʘ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ, ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʚ ʨʘʙʦʪʝ 

[106], ʙʣʠʟʦʢ ʢ ʧʦʣʫʯʝʥʥʦʤʫ ʚ ʨʘʙʦʪʝ [111] Na2.43Li 0.57V2O2(PO4)2F ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ 

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ. ʇʦʟʜʥʝʝ, ʚʥʠʤʘʪʝʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʨʝʘʢʮʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ Na/Li  ʦʙʤʝʥʘ 

ʚ Na3-yLi yV2O2(PO4)2F ʤʝʪʦʜʦʤ in situ ʈʌɸ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʝʪ ʧʦ ʤʝʭʘʥʠʟʤʫ 

ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʪʦʣʴʢʦ ʜʦ ʩʦʩʪʘʚʘ Na2.4Li 0.6V2O2(PO4)2F. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ LiBr 

ʠ ʚʨʝʤʝʥʠ ʨʝʘʢʮʠʠ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʥʘʩʳʱʝʥʥʫʶ ʣʠʪʠʝʤ ʬʘʟʫ (y Ó 1), ʦʜʥʘʢʦ ʝʸ ʩʪʨʫʢʪʫʨʘ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʪʨʫʢʪʫʨʳ ʠʩʭʦʜʥʦʛʦ Na3V2O2(PO4)2F. ʅʦʚʘʷ ʬʘʟʘ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨ. ʛʨ. Pnnm [113] ʠ ʠʤʝʝʪ ʥʝʢʦʪʦʨʳʝ ʦʪʣʠʯʠʷ ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ, ʘ ʠʤʝʥʥʦ ʙʦʣʝʝ ʧʣʘʚʥʫʶ ʬʦʨʤʫ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʠ 

ʥʘʣʠʯʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʠʢʘ ʚ ʨʘʡʦʥʝ 4 ɺ ʦʪʥ. Li
+
/Li  ʥʘ ʢʨʠʚʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʸʤʢʦʩʪʠ.  

ʇʦʜʨʦʙʥʦ ʠʦʥʥʳʡ ʦʙʤʝʥ Na
+
 ʥʘ Li

+
 ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)2F3 ʚ ʛʠʙʨʠʜʥʦʡ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʩ ʣʠʪʠʝʚʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ ʠ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʣʠʪʠʷ ʙʳʣ ʥʝʜʘʚʥʦ ʠʟʫʯʝʥ ʚ ʨʘʙʦʪʝ [114]. ɸʚʪʦʨʳ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʬʦʨʤʳ ʢʨʠʚʳʭ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʢʨʠʚʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʸʤʢʦʩʪʠ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ Na
+
/Li

+
 ʚ ʵʣʝʢʪʨʦʣʠʪʝ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ Li
+
 ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʩʥʦʚʥʦʤ ʚ ʠʩʭʦʜʥʳʝ ʧʦʟʠʮʠʠ 

Na1 ʠ Na2. ʆʜʥʘʢʦ ʠʦʥʳ Li
+
 ʥʝʩʪʘʙʠʣʴʥʳ ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)2F3 ʠ ʣʝʛʢʦ ʟʘʤʝʱʘʶʪʩʷ ʥʘ Na

+
 

ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʩʤʝʰʘʥʥʦʤ ʵʣʝʢʪʨʦʣʠʪʝ, ʩʦʜʝʨʞʘʱʝʤ ʠʦʥʳ ʥʘʪʨʠʷ. ʉʢʦʨʦʩʪʠ ʜʠʬʬʫʟʠʠ 

ʠʦʥʦʚ Li
+
 ʠ Na

+
 ʨʘʟʣʠʯʘʝʪʩʷ ʢʘʢ ʚ ʵʣʝʢʪʨʦʣʠʪʝ, ʪʘʢ ʠ ʯʝʨʝʟ ʤʝʞʬʘʟʥʫʶ ʛʨʘʥʠʮʫ ʵʣʝʢʪʨʦʜ-

ʵʣʝʢʪʨʦʣʠʪ ʠ ʚ ʩʪʨʫʢʪʫʨʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʘ ʩʯʸʪ ʵʪʦʡ ʨʘʟʥʠʮʳ ʧʨʦʠʩʭʦʜʠʪ ʢʦʥʢʫʨʝʥʪʥʘʷ 

ʠʥʪʝʨʢʘʣʷʮʠʷ ʜʚʫʭ ʠʦʥʦʚ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ Li/Na ʚ ʵʣʝʢʪʨʦʣʠʪʝ, ʧʨʠʯʸʤ 

ʠʥʪʝʨʢʘʣʷʮʠʷ ʥʘʪʨʠʷ ʷʚʣʷʝʪʩʷ ʧʨʝʚʘʣʠʨʫʶʱʝʡ ʜʘʞʝ ʧʨʠ ʝʛʦ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠï 0.2 ʄ [114]. 

ʄʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ Na-V-P-O-F  

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ Na3V2(PO4)2F3 ʩʦʩʪʘʚʣʷʝʪ ů = 1.2Ŀ10
-7

 ʉʤ/ʩʤ, ʧʨʠ ʵʪʦʤ ʵʣʝʢʪʨʦʥʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘʤʥʦʛʦ ʥʠʞʝ ʠʦʥʥʦʡ: ůɻ ʣ. = 2Ŀ10
-11

 ʉʤ/ʩʤ, ůʠʦʥ. = 1.2Ŀ10
-7

 ʉʤ/ʩʤ [115]. ɼʣʷ 

ʫʣʫʯʰʝʥʠʷ ʮʠʢʣʠʨʫʝʤʦʩʪʠ Na3V2(PO4)2F3 ʧʨʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ 

ʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʪʴ ʟʥʘʯʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʧʨʠʯʤy 

ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʫʣʫʯʰʝʥʠʷ ʪʨʝʙʫʝʪ ʵʣʝʢʪʨʦʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘ.̫ ʀʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ 
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ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʪʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʝ ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʠ ʦʙʲʝʤʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʳʯʥʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʚʠʜʘʤʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʝʛʦ ʫʛʣʝʨʦʜʘ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʣʝʢʪʨʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʪʘʢʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʄʝʞʜʫ ʪʝʤ, ʦʙʲʤyʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ, ʦʩʫʱʝʩʪʚʣʷʝʤʦʝ ʧʫʪʝʤ ʛʦʤʦ- ʠʣʠ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʛʦ 

ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠ,̫ ʤʦʞʝʪ ʚʣʠʷʪʴ ʢʘʢ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʪʘʢ ʠ ʥʘ ʥʘʧʨʷʞʝʥʠʝ, ʤyʢʦʩʪʴ ʠ 

ʤʦʱʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʡ ʠʭ ʚʥʫʪʨʝʥʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚʢʣʶʯʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʠ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

ɻʝʪʝʨʦʚʘʣʝʥʪʥʦʝ ʜʦʧʠʨʦʚʘʥʠʝ, ʪʦ ʝʩʪʴ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʚ 

ʩʪʨʫʢʪʫʨʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʦʥʦʤ-ʜʦʧʘʥʪʦʤ, ʠʤʝʶʱʠʤ ʦʪʣʠʯʥʫʶ ʦʪ ʟʘʤʝʱʘʝʤʦʛʦ ʢʘʪʠʦʥʘ 

ʩʪʝʧʝʥʴ ʦʢʠʩʣʝʥʠʷ, ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʟʘʨʷʜʦʚʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʦʯʝʯʥʳʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʢʘʪʠʦʥʥʳʝ ʠ ʘʥʠʦʥʥʳʝ 

ʚʘʢʘʥʩʠʠ, ʤʝʞʫʟʝʣʴʥʳʝ ʘʪʦʤʳ, ʜʳʨʢʠ ʠ ʜʨ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʟʘʯʘʩʪʫʶ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʚʝʣʠʯʝʥʠʶ ʧʦʜʚʠʞʥʦʩʪʠ 

ʠʦʥʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ. ʆʜʥʘʢʦ ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʝ ʜʦʧʠʨʦʚʘʥʠʝ ʟʘʯʘʩʪʫʶ ʷʚʣʷʝʪʩʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʥʝʚʳʛʦʜʥʳʤ [116]. 

ʅʘʧʨʦʪʠʚ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʥʝʨʛʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʛʦʤʦʚʘʣʝʥʪʥʦʝ 

ʜʦʧʠʨʦʚʘʥʠʝ ï ʢʘʪʠʦʥʥʦʝ ʟʘʤʝʱʝʥʠʝ d-ʤʝʪʘʣʣʘ ʥʘ ʤʝʪʘʣʣ ʩ ʪʘʢʦʡ ʞʝ ʩʪʝʧʝʥʴʶ ʦʢʠʩʣʝʥʠʷ ï 

ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ. ɻʦʤʦʚʘʣʝʥʪʥʦʝ ʜʦʧʠʨʦʚʘʥʠʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʨʘʟʣʠʯʥʳʤ 

ʵʬʬʝʢʪʘʤ, ʚ ʪʦʤ ʯʠʩʣʝ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ [117], ʫʚʝʣʠʯʝʥʠ ʁʨʘʟʤʝʨʦʚ ʜʠʬʬʫʟʠʦʥʥʳʭ ʢʘʥʘʣʦʚ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʢʘʪʠʦʥʘʤʠ 

ʩ ʙʦʣʴʰʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ ʠ ʜʘʞʝ ʢ ʫʤʝʥʴʰʝʥʠ ʁʰʠʨʠʥʳ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʢʘʪʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ [118]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ 

ʚʣʠʷʥʠʷ ʠʟʦʚʘʣʝʥʪʥʦʛʦ ʜʦʧʠʨʦʚʘʥʠʷ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʘʪʠʦʥʥʫʶ ʧʦʜʚʠʞʥʦʩʪʴ ʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ NASICON-ʧʦʜʦʙʥʦʛʦ Na3V2(PO4)3 [119]. ʈʘʩʯʸʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ V
3+

 ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ-ʥʝʘʢʪʠʚʥʳʝ ʠʦʥʳ Al
3+

 ʧʨʠʚʦʜʠʪ, ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʢ ʧʦʚʳʰʝʥʠʶ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ Na
+
 ʚ ʪʨʭy ʥʘʧʨʘʚʣʝʥʠʷʭ, ʘ ʩ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ ï ʢ ʫʤʝʥʴʰʝʥʠʶ ʰʠʨʠʥʳ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʤʘʪʝʨʠʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʧʠʨʦʚʘʥʠʝ 

ʘʣʶʤʠʥʠʝʤ ʦʢʘʟʳʚʘʝʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʠʦʥʥʫʶ ʠ ʵʣʝʢʪʨʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪ.ɹ 

ʆʧʪʠʤʘʣʴʥʘʷ ʩʪʝʧʝʥʴ ʟʘʤʝʱʝʥʠʷ ʚʘʥʘʜʠʷ ʘʣʶʤʠʥʠʝʤ, ʩʦʩʪʘʚʣʷʝʪ 10 ʤʦʣ. %, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʦʩʪʘʚʫ Na3V1.8Al 0.2(PO4)3. ɺ ʨʝʟʫʣʴʪʘʪʝ ʟʘʤʝʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʤʝʥʴʰʘ ̫ ʧʦʣʷʨʠʟʘʮʠ ̫

ʵʣʝʢʪʨʦʜʘ ʠ ʫʣʫʯʰʝʥʠʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ. ʂʨʦʤʝ ʪʦʛʦ, ʙʣʘʛʦʜʘʨʷ 

ʧʦʚʳʰʝʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʜ Na3V1.8Al0.2(PO4)3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʫʶ 

ʮʠʢʣʠʨʫʝʤʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Na3V2(PO4)3. 
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ʅʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʩʫʱʝʩʪʚʫʶʪ ʣʠʰʴ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʸʥʥʳʭ ʜʦʧʠʨʦʚʘʥʠʶ 

ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ. ɿʘʤʝʱʝʥʠʝ ʚʘʥʘʜʠʷ ʧʨʦʚʦʜʠʣʦʩʴ ʢʘʪʠʦʥʘʤʠ Al
3+

 [78, 109, 

120], Ga
3+

 [121], Cr
3+

 [77], Y
3+

 [122], Ti
2+/3+/4+

 [123]. ɺ ʨʘʙʦʪʘʭ [77, 78] ʜʦʧʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʚ ʨʘʩʯʝʪʝ ʥʘ ʩʪʝʭʠʦʤʝʪʨʠʶ NaVPO4F ʚ ʭʦʜʝ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ. ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ Na3V2(PO4)3, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ 

ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʨʝʟʫʣʴʪʘʪʦʚ. ɼʦʧʠʨʦʚʘʥʠʝ ʘʣʶʤʠʥʠʝʤ ʚ ʭʦʜʝ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ [120] ʧʨʠʚʝʣʦ ʢ 

ʧʦʣʫʯʝʥʠʶ ʧʨʦʜʫʢʪʘ Na3V2-zAl zOʭ(PO4)2F3-ʭ (z = 0.02, 0.05, 0.1), ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ 

ʫʤʝʥʴʰʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚ 

ʧʨʠʤʝʩʝʡ.  

ʉʠʥʪʝʟ Na3V2(PO4)2F, ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʠʦʥʘʤʠ Y
3+

, ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʭʦʜʝ ʟʦʣʴ-ʛʝʣʴ 

ʩʠʥʪʝʟʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ ʩ ʫʣʫʯʰʝʥʥʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ  ʁʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [122]. ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʠʤʝʥʥʦ 

ʜʦʧʠʨʦʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠ  ʁʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Na3V1.9Y0.1(PO4)2F3 ʟʘ ʩʯʸʪ 

ʨʘʩʰʠʨʝʥʠʷ ʢʘʥʘʣʦʚ ʜʠʬʬʫʟʠʠ Na
+
 ʚʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ Na3V2(PO4)2F3 

ʧʨʠ ʚʚʝʜʝʥʠʠ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʢʘʪʠʦʥʦʚ Y
3+

 ʠ ʟʘ ʩʯʸʪ ʫʣʫʯʰʝʥʠ ̫ ʚʥʫʪʨʝʥʥʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʚʦʟʥʠʢʘʶʱʝʡ ʙʣʘʛʦʜʘʨʷ ʫʚʝʣʠʯʝʥʠʶ ʩʪʝʧʝʥʠ ʠʦʥʥʦʩʪʠ ʩʚʷʟʠ Y-O ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩʦ ʩʚʷʟʴʶ V-O [122].  

ɿʘʤʝʱʝʥʠʝ ʚʘʥʘʜʠʷ ʥʘ ʪʠʪʘʥ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʪʠʦʥʦʚ ʩ ʨʘʟʥʳʤ ʟʘʨʷʜʦʤ 

Ti
2+/3+/4+

. ɼʣʷ ʩʠʥʪʝʟʘ ʟʘʤʝʱʸʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠʤʝʥʷʣʠ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ. ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ 

ʦʙʨʘʟʮ rʩʦʜʝʨʞʘʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ Na3V2(PO4)3, ʢʦʪʦʨʘʷ ʟʘʪʨʫʜʥʷʝʪ 

ʦʜʥʦʟʥʘʯʥʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʚʣʠʷʥʠʷ ʜʦʧʠʨʦʚʘʥʠʷ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʆʜʥʘʢʦ 

ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʤʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ 

ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ V
3+

 ʥʘ Ti
4+

 ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʰʠʨʠʥʳ 

ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʠ, ʪʝʤ ʩʘʤʳʤ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [123].  

ɸʚʪʦʨʳ ʨʘʙʦʪ [109] ʠ [121] ʠʟʫʯʘʣʠ ʧʨʠʯʠʥʳ ʦʛʨʘʥʠʯʝʥʠʷ ʸʤʢʦʩʪʠ Na3V2(PO4)2F3 ʜʦ 123 

ʤɸʯ/ʛ ʚʤʝʩʪʦ ʚʦʟʤʦʞʥʳʭ 192 ʤɸʯ/ʛ ʠʟ ʨʘʩʯʸʪʘ ʥʘ ʪʨʠ ʠʦʥʘ ʥʘʪʨʠʷ, ʧʦʩʢʦʣʴʢʫ ʚʘʥʘʜʠʡ, 

ʚʭʦʜʷʱʠʡ ʚ ʩʦʩʪʘʚ ʩʦʝʜʠʥʝʥʠʷ, ʦʙʣʘʜʘʝʪ ʥʝʩʢʦʣʴʢʠʤʠ ʩʪʘʙʠʣʴʥʳʤʠ ʩʪʝʧʝʥʷʤʠ ʦʢʠʩʣʝʥʠʷ, ʯʪʦ 

ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʳʡ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩ, ʘ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)2F3 ʩʫʱʝʩʪʚʫʶʪ ʚʘʢʘʥʩʠʠ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʳʤ ʚʦʟʤʦʞʥʘ 

ʠʥʪʝʨʢʘʣʷʮʠʷ ʜʦʙʘʚʦʯʥʳʭ ʠʦʥʦʚ ʥʘʪʨʠʷ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʜʚʘ ʧʨʝʜʧʦʣʦʞʝʥʠʷ: ʦʛʨʘʥʠʯʝʥʥʘʷ 

ʧʦʜʚʠʞʥʦʩʪʴ ʠʦʥʦʚ ʥʘʪʨʠʷ ʠʣʠ ʟʘʪʨʫʜʥʸʥʥʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʧʝʨʝʭʦʜʦʚ ʚʘʥʘʜʠʷ ʚ ʩʣʝʜʩʪʚʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ Na3V2(PO4)2F3. ɼʣʷ ʵʪʦʛʦ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʟʘʤʝʱʝʥʠʝ ʯʘʩʪʠ ʠʦʥʦʚ V
3+

 ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʝ ʠʦʥʳ Ga
3+
, ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ Na3GaV(PO4)2F3. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʚ ʫʩʣʦʚʠʷʭ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʨʝʘʛʝʥʪʦʚ; ʧʨʠ ʵʪʦʤ ʜʦʧʠʨʦʚʘʥʥʠʝ ʧʨʠʚʝʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʅʝʩʤʦʪʨʷ ʥʘ 
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ʟʘʤʝʥʫ ʧʦʣʦʚʠʥʳ ʠʦʥʦʚ ʚʘʥʘʜʠʷ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʥʝʘʢʪʠʚʥʳʝ ʠʦʥʳ ʛʘʣʣʠʷ, ʦʙʨʘʪʠʤʘʷ 

ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ, ʜʦʩʪʠʛʥʫʪʘʷ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ Na3GaV(PO4)2F3 ʚ ʜʠʘʧʘʟʦʥʝ 1.2 ʠ 4.5 ɺ ʦʪʥ. 

Na
+
/Na ʩʦʩʪʘʚʠʣʘ 141 ʤɸʯ/ʛ ʩ ʦʪʯʝʪʣʠʚʦ ʚʳʨʘʞʝʥʥʳʤʠ ʧʣʘʪʦ ʧʨʠ 1.5, 3.6 ʠ 4.2 ɺ, ʧʨʠʯʸʤ 

ʸʤʢʦʩʪʴ ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʣʘ ʸʤʢʦʩʪʴ ʥʝʜʦʧʠʨʦʚʘʥʥʦʛʦ 

Na3V2(PO4)2F3. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʛʦ ʙʳʣ ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʚʩʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚʘʥʘʜʠʷ V
2+

, V
3+

, V
4+

 ʠ V
5+

 ʜʦʩʪʫʧʥʳ ʚʦ ʚʨʝʤʷ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʠ ʯʪʦ ʤyʢʦʩʪʴ 

Na3GaV(PO4)2F3 ʜʦʣʞʥʘ ʙʳʪʴ ʦʛʨʘʥʠʯʝʥʘ ʠʤʝʥʥʦ ʧʦʜʚʠʞʥʦʩʪʴʶ ʠʦʥʦʚ Na
+
. ɸb initio 

ʚr ʯʠʩʣʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʧʦʨʷʜʦʯʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟʘʭ, ʚʦʟʥʠʢʘʶʱʠʭ 

ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ, ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʨʴʝʨʦʚ ʜʠʬʬʫʟʠʠ Na
+
 ʠ 

ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʦʩʪʠʞʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤyʢʦʩʪʠ ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʠ, ʦʜʥʘʢʦ ʥʝ 

ʦʙʲʷʩʥʷʝʪ ʟʘʪʨʫʜʥʸʥʥʦʛʦ ʠʟʚʣʝʯʝʥʠ ̫ʪʨʝʪʴʝʛʦ ʠʦʥʘ ʥʘʪʨʠʷ ʚ ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʠ. ʀʩʭʦʜʷ 

ʠʟ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʙʳʣʦ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʥʘʨʫʰʝʥʠʝ ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʦʥʦʚ ʥʘʪʨʠʷ 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʣʫʯʰʝʥʠʶ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ [109]. 

ʀʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ Na3V2(PO4)2F3 ʚ ʧʦʣʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ 

ʇʦʩʢʦʣʴʢʫ ʧʨʦʙʣʝʤʘ ʦʛʨʘʥʠʯʝʥʥʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʘʪʨʠʷ ʚ ʥʠʟʢʦʚʦʣʴʪʦʚʦʤ ʨʝʛʠʦʥʝ ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)2F3 ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʥʝ ʨʝʰʝʥʘ, ʩʦʟʜʘʥʠʝ ʩʠʤʤʝʪʨʠʯʥʳʭ ʷʯʝʝʢ 

ʥʘ ʦʩʥʦʚʝ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ, ʩʦ ʩʢʦʣʴʢʦ-ʥʠʙʫʜʴ ʟʥʘʯʠʤʳʤʠ ʫʜʝʣʴʥʳʤʠ 

ʸʤʢʦʩʪʴʶ ʠ ʵʥʝʨʛʠʝʡ, ʟʘʪʨʫʜʥʝʥʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʦʙʣʘʜʘʝʪ ʢʨʘʡʥʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʪʦʜʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʤ ʩʨʝʜʥʠʤ 

ʨʘʙʦʯʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʧʦʣʠʘʥʠʦʥʥʳʭ ʥʘʪʨʠʡ-ʩʦʜʝʨʞʘʱʠʭ ʢʘʪʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ɺ ʪʘʙʣʠʮʝ 1.4 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʝʢʦʪʦʨʳʭ ʧʦʣʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʢʘʪʦʜʘ ʚʳʩʪʫʧʘʝʪ Na3V2(PO4)2F3.  

ʊʘʙʣʠʮʘ 1.4. ʉʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʥʳʭ ʷʯʝʝʢ c ʢʘʪʦʜʦʤ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)2F3. 

ʄʘʪʝʨʠʘʣ 

ʘʥʦʜʘ 

ʋʜʝʣʴʥʘʷ 

ʸʤʢʦʩʪʴ, ʤɸʯ/ʛ 

ʇʣʦʪʥʦʩʪʴ 

ʪʦʢʘ, ʤɸ/ʛ 

ʈʘʙʦʯʝʝ 

ʥʘʧʨʷʞʝʥʠʝ, ɺ 

ʋʜʝʣʴʥʘʷ ʵʥʝʨʛʠ,̫ 

ɺʪʯ/ʢʛ 

ʀʩʪʦʯʥʠʢ 

NaTi2(PO4)3 110 128 (1C) 1.8 198 [100] 

Na3Ti6O13 42 61 (0.5C) ~2.5 105 [124] 

ʊʚʸʨʜʳʡ 

ʫʛʣʝʨʦʜ 
30 128 (1C) 2.25 75 [125] 

90 128 (1C) 3.8 240 [126, 127] 

Li 4Ti5O12 112 61 (0.5C) 2.52 282 [63] 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʤʘʪʝʨʠʘʣʦʤ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʷʚʣʷʝʪʩʷ ʪʚʸʨʜʳʡ ʫʛʣʝʨʦʜ 

[125-127]. ɺ ʥʝʩʢʦʣʴʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʚʤʝʱʝʥʠʷ 

Na3V2(PO4)2F3 ʩ ʘʥʦʜʦʤ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʘʪʘ ʪʠʪʘʥʘ(IV)-ʥʘʪʨʠ ̫ NaTi2(PO4)3 [100], ʦʢʩʠʜʘ 



55 
 

 

ʪʠʪʘʥʘ(IV)-ʥʘʪʨʠʷ Na2Ti6O13 [124], ʘ ʪʘʢʞʝ ʩʧʦʩʦʙʥʦʩʪʴ ʮʠʢʣʠʨʦʚʘʪʴ ʚ ʛʠʙʨʠʜʥʦʡ ʷʯʝʡʢʝ ʩ 

ʘʥʦʜʦʤ ʥʘ ʦʩʥʦʚʝ Li 4Ti5O12 ʠ ʣʠʪʠʝʚʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ [63].  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ 1.4, ʬʪʦʨʠʜ-ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʧʘʨʝ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘʤʠ, ʦʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʠʭ ʷʯʝʝʢ ʩʠʣʴʥʦ 

ʦʪʣʠʯʘʶʪʩʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʸʨʜʦʛʦ ʫʛʣʝʨʦʜʘ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʥʘʠʙʦʣʴʰʝʛʦ ʨʘʙʦʯʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʩʨʝʜʠ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʩʦʧʦʩʪʘʚʠʤʳʭ ʩ ʣʠʪʠʡ-ʠʦʥʥʳʤʠ 

ʘʢʢʫʤʫʣʷʪʦʨʘʤʠ.  

ɿʘʢʣʶʯʝʥʠʝ ʢ ʛʣʘʚʝ 1 

ɸʥʘʣʠʟ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʳʙʨʘʥʥʳʝ 

ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʘʪʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ Na3V2(PO4)3 ʠ Na3V2(PO4)2F3 ʥʫʞʜʘʶʪʩʷ 

ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʠʟʫʯʝʥʠʠ. ʊʘʢ, ʥʝʦʙʭʦʜʠʤʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʦʣʫʯʝʥʠʷ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʨʘʟʣʠʯʥʦʡ ʩʪʝʭʠʦʤʝʪʨʠʠ ʚ ʧʨʦʮʝʩʩʝ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ. ʅʝʧʦʣʥʳʤ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʬʘʟʦʚʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ Na3V2(PO4)3 ʠ Na3V2(PO4)2F3 ʚ ʛʠʙʨʠʜʥʳʭ ʥʘʪʨʠʡ-ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʷʯʝʡʢʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʧʦʣʥʳʭ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʤʘʪʝʨʠʘʣʘ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ. ʅʦʩʷʪ 

ʦʪʨʳʚʦʯʥʳʡ ʭʘʨʘʢʪʝʨ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ ʜʦʙʘʚʢʘʤʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ Na3V2(PO4)2F3.  
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ɻʣʘʚʘ 2. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

2.1 ʈʝʘʛʝʥʪʳ ʠ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ Na3V2(PO4)3 ʠ Na3V2(PO4)2F3 ʧʨʠʤʝʥʷʣʠ 

ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʳʡ ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ. ɺ ʢʘʯʝʩʪʚʝ ʨʝʘʛʝʥʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʨʙʦʥʘʪ ʥʘʪʨʠʷ Na2CO3 (ʭ.ʯ. 99,8%, ʈʝʘʭʠʤ), ʬʪʦʨʠʜ ʥʘʪʨʠʷ NaF (ʯ.ʜ.ʘ. 98%, 

ʉʦʶʟʭʠʤʧʨʦʤ), ʛʠʜʨʦʬʦʩʬʘʪ ʘʤʤʦʥʠʷ (NH4)2HPO4 (ʯ.ʜ.ʘ. 99%, ʅɿʍʂ), ʦʢʩʠʜ ʚʘʥʘʜʠʷ (V) V2O5 

(ʯ.ʜ.ʘ. 99 %, ʈʝʘʭʠʤ), ʠ ʫʛʣʝʨʦʜ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʚ ʚʠʜʝ ʩʘʞʠ ʤʘʨʢʠ çʇ277è (99,9%, 

ʀʥʩʪʠʪʫʪ ʇʨʦʙʣʝʤ ʇʝʨʝʨʘʙʦʪʢʠ ʋʛʣʝʚʦʜʦʨʦʜʦʚ ʉʆ ʈɸʅ, ʆʤʩʢ) ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʠ 

ʧʦʢʨʳʚʘʶʱʝʛʦ ʘʛʝʥʪʘ.  

Na3V2(PO4)3 ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ:  

3Na2CO3 + 2V2O5 + 6(NH4)2HPO4 + 2C  2Na3V2(PO4)3 + 12NH3ŷ + 4COŷ + 3CO2+9H2Oŷ        (1) 

ʂʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ V
+5

 ʜʦ V
+3

 ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʫʛʣʝʨʦʜʦʤ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʝʝ ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ.  

Na3V2(PO4)2F3 ʧʦʣʫʯʘʣʠ ʚ ʜʚʝ ʩʪʘʜʠʠ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʤʝʪʦʜʦʤ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ V2O5 ʩʠʥʪʝʟʠʨʦʚʘʣʠ VPO4: 

V2O5 + 2(NH4)2HPO4 + 2C  2VPO4 + 4NH3ŷ + 2COŷ + 3H2Oŷ                                                      (2) 

 ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʦʣʫʯʘʣʠ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ: 

2VPO4 + 3NaF  Na3V2(PO4)2F3                                                                                                         (3) 

 ʄʝʭʘʥʠʯʝʩʢʫʶ ʘʢʪʠʚʘʮʠʶ (ʄɸ) ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʢʘʞʜʦʡ ʩʪʘʜʠʠ ʩʠʥʪʝʟʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮ r ɸɻʆ-2 ʩ ʚʦʜʷʥʳʤ 

ʦʭʣʘʞʜʝʥʠʝʤ, ʩ ʙʘʨʘʙʘʥʘʤʠ ʠ ʰʘʨʘʤʠ ʠʟ ʩʪʘʣʠ (ʜʠʘʤʝʪʨʦʤ 8ʤʤ) ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʚ ʪʝʯʝʥʠʝ 5 

ʤʠʥʫʪ. ʎʝʥʪʨʦʙʝʞʥʦʝ ʫʩʢʦʨʝʥʠʝ, ʨʘʟʚʠʚʘʝʤʦʝ ʤʝʣʶʱʠʤʠ ʪʝʣʘʤʠ, ʩʦʩʪʘʚʣʷʣʦ 40g. ʈʝʘʢʮʠʦʥʥʳʝ 

ʩʤʝʩʠ (1) ʠ (2) ʧʦʩʣʝ ʘʢʪʠʚʘʮʠʠ ʩʧʨʝʩʩʦʚʳʚʘʣʠ ʚ ʪʘʙʣʝʪʢʠ ʠ ʦʪʞʠʛʘʣʠ ʩʥʘʯʘʣʘ ʧʨʠ 350Üʉ ʚ 

ʪʝʯʝʥʠʝ 1 ʯ ʚ ʪʦʢʝ ʘʨʛʦʥʘ (ʜʣʷ ʫʜʘʣʝʥʠʷ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ), ʘ ʟʘʪʝʤ ʪʝʤʧʝʨʘʪʫʨʫ 

ʧʦʜʥʠʤʘʣʠ ʜʦ 650Üʉ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʚ ʪʦʢʝ ʘʨʛʦʥʘ. ʈʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ (3) 

ʥʘʛʨʝʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʜʦ 650Üʉ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʠ 

ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʚ ʪʦʢʝ ʘʨʛʦʥʘ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʄɸ ʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʝʥʪʦʚ ʧʦ ʨʝʘʢʮʠʠ (3) ʧʨʦʚʦʜʠʣʠ ʭʦʣʦʩʪʦʡ ʩʠʥʪʝʟ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʄɸ ʩ 

ʩʦʭʨʘʥʝʥʠʝʤ ʫʩʣʦʚʠʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ.  
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 ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʠ ʥʘ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʩʠʩʪʝʤʝ Na-

V-P-O-F, ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʝʘʢʮʠʶ (3), ʚ ʢʦʪʦʨʦʡ ʤʦʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʨʝʘʛʝʥʪʦʚ NaF/VPO4 

ʚʘʨʴʠʨʦʚʘʣʠ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʜʦ 1.75:  

VPO4 + (1+x)NaF  ñNa1+xVPO4F1+xò, ʛʜʝ 0 Ò x Ò 0.5                                                                      (4) 

 ʋʩʣʦʚʠʷ ʄɸ ʨʝʘʛʝʥʪʦʚ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʪʞʠʛʘ ʙʳʣʠ ʠʜʝʥʪʠʯʥʳ ʫʩʣʦʚʠʷʤ ʧʦʣʫʯʝʥʠʷ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ Na3V2(PO4)2F3. ʆʪʞʠʛ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʨʠ x=0 ʧʨʦʚʦʜʠʣʠ ʢʘʢ ʩ 

ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ, ʪʘʢ ʠ ʩ ʟʘʢʘʣʢʦʡ.  

 ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʤʝʰʘʥʥʳʭ ʩʦʩʪʘʚʦʚ (Na,Li )3V2(PO4)2F3 ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʳʡ ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʠ ʭʠʤʠʯʝʩʢʠʡ ʠʦʥʥʳʡ ʦʙʤʝʥ.  

ʇʦʣʫʯʝʥʠʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʧʨʦʚʦʜʠʣʠ ʧʦ ʨʝʘʢʮʠʠ: 

2VPO4 + (3-y)NaF + yLiF  (Na,Li )3V2(PO4)2F3, ʛʜʝ 0.1 Ò y Ò 0.6                                                   (5) 

ʄɸ ʠ ʦʪʞʠʛ ʧʨʦʚʦʜʠʣʠ ʚ ʫʩʣʦʚʠʷʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʫʯʝʥʠʶ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ 

Na3V2(PO4)2F3 ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ. 

 ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʫʶ ʩʭʝʤʫ: 

Na3V2(PO4)2F3 + LiBrʠʟʙ.  (Na,Li)3V2(PO4)2F3 + NaBr                                                                    (6) 

ʀʦʥʥʳʡ ʦʙʤʝʥ ʧʨʦʚʦʜʠʣʠ ʚ ʨʘʩʪʚʦʨʝ LiBr  ʚ ʥ-ʙʫʪʘʥʦʣʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80Üʉ ʠ ʧʦʩʪʦʷʥʥʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ 5-8 ʯʘʩʦʚ, ʢʦʣʠʯʝʩʪʚʦ LiBr ʙʳʣʦ ʚʟʷʪʦ ʚ ʜʝʩʷʪʠʢʨʘʪʥʦʤ ʤʦʣʴʥʦʤ 

ʠʟʙʳʪʢʝ.  

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʣʫʯʘʣʠ ʩʤʝʰʘʥʥʳʡ (Na,Li )3V2(PO4)3 ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ 

ʦʙʤʝʥʘ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʧʦ ʩʭʝʤʝ:  

Na3V2(PO4)3 + LiBrʠʟʙ.  (Na,Li)3V2(PO4)3 + NaBr                                                                            (7) 

 ʄʦʜʠʬʠʢʘʮʠʶ Na3V2(PO4)2F3 ʛʦʤʦʚʘʣʝʥʪʥʳʤʠ ʠʦʥʘʤʠ Al
3+

, Fe
3+

, La
3+

 ʧʨʦʚʦʜʠʣʠ ʚ 

ʫʩʣʦʚʠʷʭ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʚ ʜʚʝ ʩʪʘʜʠʠ. ʅʘ 

ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʦʣʫʯʘʣʠ ʬʦʩʬʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʘʣʣʦʚ: 

Al(OH)3 + (NH4)2HPO4  AlPO4 + 2NH3 + 3H2O                                                                               (8) 

Fe2O3 + 2(NH4)2HPO4  2FePO4 + 4NH3 + 3H2O                                                                              (9) 

La(OH)3 + (NH4)2HPO4  LaPO4 + 2NH3 + 3H2O                                                                           (10) 

 ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʝ ʬʦʩʬʘʪʳ ʚʚʦʜʠʣʠ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ  

1.95VPO4 + 0.05MPO4 + 3NaF  Na3V1.95M0.05(PO4)2F3                                                                (11) 

ɺʩʝ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ, ʙʳʣʠ ʩʝʨʦʛʦ ʮʚʝʪʘ ʠ 

ʩʦʜʝʨʞʘʣʠ ʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʘʞʠ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʥʦʧʨʦʚʦʜʷʱʝʡ ʜʦʙʘʚʢʠ ʚ ʧʨʦʜʫʢʪʝ, 

ʥʝ ʧʨʝʚʳʰʘʶʱʝʝ 3 ʤʘʩ. %. 
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2.2 ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

2.2.1 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʧʦʨʦʰʢʦʚʘʷ ʜʠʬʨʘʢʮʠʷ ʠ ʫʪʦʯʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ. ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʠʪ ʫʨʘʚʥʝʥʠʝ ɺʫʣʴʬʘ ï ɹʨʝʛʛʦʚ, ʩʚʷʟʳʚʘʶʱʝʝ 

ʫʛʦʣ ɗ ʧʘʜʝʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʥʘ ʘʪʦʤʥʫʶ ʧʣʦʩʢʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ɚ ʠ ʚʝʣʠʯʠʥʦʡ ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ dhkl:  

2dhklĿsinɗ = nɚ,                                                               (2.1) 

ʛʜʝ n ï ʮʝʣʦʝ ʯʠʩʣʦ, ʥʘʟʳʚʘʝʤʦʝ ʧʦʨʷʜʢʦʤ ʦʪʨʘʞʝʥʠʷ. ʀʥʜʝʢʩʳ h, k, l ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʚʥʳ 

ʯʠʩʣʫ ʯʘʩʪʝʡ, ʥʘ ʢʦʪʦʨʳʝ ʨʘʟʙʠʚʘʶʪʩʷ ʨʝʙʨʘ ʘ, b, ʩ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʨʠʩʪʘʣʣʘ ʩʝʨʠʝʡ 

ʘʪʦʤʥʳʭ ʧʣʦʩʢʦʩʪʝʡ (hkl). ʋʩʣʦʚʠʝʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʦʪʨʘʞʝʥʥʳʝ ʦʪ ʩʦʩʝʜʥʠʭ ʘʪʦʤʥʳʭ 

ʧʣʦʩʢʦʩʪʝʡ ʣʫʯʠ ʥʝ ʙʫʜʫʪ ʛʘʩʠʪʴ ʜʨʫʛ ʜʨʫʛʘ, ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʨʘʟʥʦʩʪʠ ʭʦʜʘ, ʨʘʚʥʦʡ ʮʝʣʦʤʫ 

ʯʠʩʣʫ ʜʣʠʥ ʚʦʣʥ, ʪʦ ʝʩʪʴ AB + BC = nɚ. ʋʯʠʪʳʚʘʷ, ʯʪʦ AB = BC = dhklĿsinɗ, ʧʦʣʫʯʘʝʤ ʫʨʘʚʥʝʥʠʝ 

(2.1). ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʟʘʢʦʥʘ ɺʫʣʴʬʘ ï ɹʨʝʛʛʦʚ ʦʪʨʘʞʝʥʥʳʝ ʣʫʯʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚ ʦʜʥʦʡ 

ʬʘʟʝ, ʠ ʠʭ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʤʘʢʩʠʤʫʤʫ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ. 

ʇʦʩʢʦʣʴʢʫ ʬʦʨʤʫʣʘ (2.1) ʦʧʨʝʜʝʣʷʝʪ ʪʝ ʫʛʣʳ ɗ, ʧʨʠ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʦʪʨʘʞʝʥʠʝ ʦʪ 

ʟʘʜʘʥʥʦʡ ʩʝʨʠʠ ʧʣʦʩʢʦʩʪʝʡ (hkl), ʦʥʘ ʦʧʨʝʜʝʣʷʝʪ ʠ ʧʦʣʦʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʜʣʷ ʙʝʩʢʦʥʝʯʥʦʛʦ, ʥʝ ʠʤʝʶʱʝʛʦ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʘ [128].  

ʇʦʩʢʦʣʴʢʫ ʚʠʜ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʠʥʜʠʚʠʜʫʘʣʴʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ 

ʤʝʪʨʠʢʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʦʚ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʚ ʷʯʝʡʢʝ 

(ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ), ʪʦ ʢʘʞʜʦʝ ʩʦʝʜʠʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʫʥʠʢʘʣʴʥʦʡ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʦʡ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ 

ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʧʦʣʫʯʘʝʤʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʩ ʠʤʝʶʱʠʤʠʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʙʘʟʘʭ ʜʘʥʥʳʭ. 

ʇʦʨʦʰʢʦʚʘʷ ʜʠʬʨʘʢʮʠʷ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʡ, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʤʝʥʝʝ 

ʠʥʬʦʨʤʘʪʠʚʥʳʤ, ʦʜʥʘʢʦ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʤʥʦʛʠʝ ʟʘʜʘʯʠ, ʪʘʢʠʝ ʢʘʢ ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, ʠʟʫʯʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ, ʪʝʢʩʪʫʨ, ʨʘʟʤʝʨʦʚ ʆʂʈ, ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠ ʜʨ.  

ʄʘʢʩʠʤʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʠʟ ʜʘʥʥʳʭ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ ʤʦʞʥʦ 

ʠʟʚʣʝʯʴ, ʧʨʠʤʝʥʷʷ ʤʝʪʦʜ ʘʥʘʣʠʟʘ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʚ 1969 ʛʦʜʫ ʍʴʶʛʦ ʈʠʪʚʝʣʴʜʦʤ. ʄʝʪʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʨʘʩʯʸʪʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʠʟ ʠʤʝʶʱʝʡʩʷ ʤʦʜʝʣʠ ʠ ʧʦʜʛʦʥʢʝ 

ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦʣʦʞʝʥʠʡ ʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʜʘʥʥʳʤ. ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʪʨʦʛʦ ʫʯʝʩʪʴ ʠ/ʠʣʠ ʫʪʦʯʥʠʪʴ 

ʙʦʣʴʰʠʥʩʪʚʦ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʫ. ʋʪʦʯʥʷʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʜʝʣʷʪʩʷ ʥʘ 

ʩʪʨʫʢʪʫʨʥʳʝ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ: ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʪʝʧʣʦʚʳʝ ʬʘʢʪʦʨʳ, 
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ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ, ʟʘʩʝʣʝʥʥʦʩʪʴ ʧʦʟʠʮʠʡ, ʠ ʧʨʦʬʠʣʴʥʳʝ, ʚʢʣʶʯʘʷ ʰʠʨʠʥʫ ʧʠʢʘ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ, ʘʩʠʤʤʝʪʨʠ ʁ ʧʠʢʘ, ʪʝʢʩʪʫʨʫ (ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 

ʚʝʱʝʩʪʚʝ), ʥʦʣʴ ʩʯʝʪʯʠʢʘ, ʧʘʨʘʤʝʪʨʳ ʬʦʥʘ.  

ʋʛʣʦʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

    2
hkl

, ,

(2 ) (2 ) k (2 2 )ʪʝʦʨ hkl hkl hkl hkl

h k l

I B p F LPG T Pq q q q= + Ö Ö Ö Ö -ä                   (2.2) 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʬʦʨʤʫʣʳ (2.2), ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʥʝʢʦʪʦʨʦʡ 

ʬʦʥʦʚʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ B (2ɗ) ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʨʝʬʣʝʢʩʘʤ (ʦʙʦʟʥʘʯʘʝʤʳʭ 

ʠʥʜʝʢʩʘʤʠ ʄʠʣʣʝʨʘ h, k, l) ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʬʘʟ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʘʞʜʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ 

ʨʝʬʣʝʢʩʘ ʩʚʷʟʘʥʘ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʝʤʫ ʬʘʟʳ (ʯʝʨʝʟ ʚʝʣʠʯʠʥʳ 

ʢʚʘʜʨʘʪʦʚ ʤʦʜʫʣʝʡ ʩʪʨʫʢʪʫʨʥʳʭ ʘʤʧʣʠʪʫʜ |Fhkl|
2
), ʬʘʢʪʦʨʦʤ ʧʦʚʪʦʨʷʝʤʦʩʪʠ ʈhkl (ʟʘʚʠʩʠʪ ʦʪ 

ʩʠʤʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʷ) ʠ ʪʝʢʩʪʫʨʥʳʤ ʬʘʢʪʦʨʦʤ Thkl, ʫʯʠʪʳʚʘʶʱʠʤ ʥʘʣʠʯʠʝ ʫʧʦʨʷʜʦʯʝʥʠ ̫

ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʘʥʥʦʡ ʬʘʟʳ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʠʣʠ ʧʨʝʦʙʣʘʜʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ 

ʦʧʨʝʜʝʣʸʥʥʦʡ ʬʦʨʤʳ. ɺʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʙʳʯʥʦ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʩʤʝʰʘʥʥʦʤ 

ʯʣʝʥʝ LPG (Lorentz factor + Polarization + Geometry), ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʜʣʷ ʜʘʥʥʦʛʦ ʪʠʧʘ 

ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʛʝʦʤʝʪʨʠʠ ʩʲʝʤʢʠ. ʆʙʱʠʡ ʤʥʦʞʠʪʝʣʴ k (ʚ ʩʣʫʯʘʝ ʥʝʩʢʦʣʴʢʠʭ 

ʬʘʟ ð ʥʘʙʦʨ ʤʥʦʞʠʪʝʣʝʡ) ʩʣʫʞʠʪ ʜʣʷ ʫʯʝʪʘ ʚʣʠʷʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ʥʘ 

ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʩʠʛʥʘʣ. ʇʨʠ ʥʘʣʠʯʠʠ ʥʝʩʢʦʣʴʢʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʚʝʣʠʯʠʥ r ʵʪʠʭ 

ʤʥʦʞʠʪʝʣʝʡ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ɤi ʬʘʟ ʚ ʩʤʝʩʠ:  

     i i i i
i

i i i i

i

Z M V k
w

Z M V k

Ö
=

Öä
                                                                 (2.3) 

ʛʜʝ Zi ð ʯʠʩʣʦ ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ ʚ ʷʯʝʡʢʝ ʜʣʷ i-ʦʡ ʬʘʟʳ, Mi ð ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ ʬʦʨʤʫʣʴʥʦʡ ʝʜʠʥʠʮʳ ʬʘʟʳ i, Vi ð ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʬʘʟʳ i [129].  

ʄʠʥʠʤʠʟʘʮʠʷ ʦʪʢʣʦʥʝʥʠʷ ʪʝʦʨʠʠ ʦʪ ɻʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʚʦʜʠʪʩʷ ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ 

ʥʘʙʦʨʘ ʧʝʨʝʤʝʥʥʳʭ (ʫʪʦʯʥʷʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ). ʈʝʰʝʥʠʝʤ ʚʘʨʠʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʥʘʙʦʨ 

ʧʝʨʝʤʝʥʥʳʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʤʠʥʠʤʫʤʫ ʬʫʥʢʮʠʦʥʘʣʘ ʦʪʢʣʦʥʝʥʠʷ (ʚʝʩʦʚʘʷ ʩʭʝʤʘ): 

2

expminʌ (I )
k N

k k

k theor

k l

w I
=

=

= -ä                                                          (2.4) 

ʇʨʠ ʫʪʦʯʥʝʥʠʠ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʬʦʥ ʦʙʳʯʥʦ ʦʧʠʩʳʚʘʶʪ ʥʝʢʠʤ ʛʣʘʜʢʠʤ ʧʦʣʠʥʦʤʦʤ 

ʟʘʜʘʥʥʦʡ ʩʪʝʧʝʥʠ. ɼʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʦʨʤʳ ʧʠʢʘ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ 

ʬʫʥʢʮʠʶ ʧʩʝʚʜʦ-ɺʦʡʪʘ, ʚʢʣʶʯʘʶʱʫʶ ʚ ʩʝʙʷ ʃʦʨʝʥʮʝʚʫ L(x) ʠ ɻʘʫʩʩʦʚʫ G(x) ʢʦʤʧʦʥʝʥʪʳ: 

PV(x) = ɖG(x) + (1- ɖ)L(x), 0 Ò ɖ Ò 1. ʂʨʠʪʝʨʠʝʤ ʦʮʝʥʢʠ ʩʦʦʪʚʝʪʩʪʚʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʣʫʞʘʪ ʬʘʢʪʦʨʳ ʨʘʩʭʦʜʠʤʦʩʪʠ: ʧʨʦʬʠʣʴʥʳʡ - Rp = Ɇ|yi
obs

 

ï yi
calc

|/|yi
obs

| ʠ ʚʝʩʦʚʦʡ ʧʨʦʬʠʣʴʥʳʡ - Rwp = [Ɇɤi (yi
obs

 ï yi
calc

) 
2
/Ɇ ɤi yi

obs2
 ]

1/2
, ʘ ʪʘʢʞʝ ʢʨʠʪʝʨʠʡ 

ʩʦʛʣʘʩʠʷ ʇʠʨʩʦʥʘ ɢ
2
 = (yi

obs
 ï yi

calc
)
2
. 
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ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʩʝ ʠʩʭʦʜʥʳʝ ʨʝʘʛʝʥʪʳ ʠ ʧʨʦʜʫʢʪʳ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ). ɿʘʧʠʩʴ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker 

D8 Advance (ɻʝʨʤʘʥʠʷ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (CuKŬ: ɚʩʨ= (2ɚKŬ1 + ɚKŬ2)/3 

=1.5418 ¡) ʠ ʧʦʟʠʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʣʠʥʝʡʥʦʛʦ ʜʝʪʝʢʪʦʨʘ (PSD) ʩʦ ʩʢʦʨʦʩʪʴʶ 2ɗ/ʤʠʥ. 

ɻʝʦʤʝʪʨʠʷ ʩʲʝʤʢʠ ï ʥʘ ʦʪʨʘʞʝʥʠʝ (ʧʦ ɹʨʝʛʛʫ ï ɹʨʝʥʪʘʥʦ). ʉʭʝʤʘ ʩʲʝʤʢʠ ï Ū-Ū. ʈʘʜʠʫʩ 

ʛʦʥʠʦʤʝʪʨʘ R = 250 ʤʤ, ʨʘʩʭʦʜʠʤʦʩʪʴ ʱʝʣʝʡ ʉʦʣʣʝʨʘ 2.5
ʦ
, ʰʠʨʠʥʘ ʧʨʠʝʤʥʦʡ ʱʝʣʠ 12 ʤʤ. 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʣʫʯʘʣʠ ʚ ʨʝʞʠʤʝ ʧʦʰʘʛʦʚʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ (ʰʠʨʠʥʘ ʰʘʛʘ 0.02
ʦ
) ʠ 

ʥʘʢʦʧʣʝʥʠʷ ʠʤʧʫʣʴʩʦʚ (ʚʨʝʤʷ ʥʘʢʦʧʣʝʥʠʷ 0.5 ʩʝʢ) ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 2Ū = 10
ʦ
 ï 90

ʦ
. ɺ ʢʘʯʝʩʪʚʝ 

ʚʥʝʰʥʝʛʦ ʵʪʘʣʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ Al2O3 (a = 4.759409(22) 

¡, c = 12.993729(38) ¡). ʂʘʯʝʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʠʟʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

Crystallographica Search Match ʠ ʙʘʟʳ ʜʘʥʥʳʭ ICDD PDF2. ʉʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʫʪʦʯʥʷʣʠ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ TOPAS [130]. ʇʨʦʮʝʜʫʨʘ ʫʪʦʯʥʝʥʠʷ 

ʥʘʯʠʥʘʣʘʩʴ ʩ ʫʪʦʯʥʝʥʠʷ ʧʨʦʬʠʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʢʠ ʦʜʥʦʬʘʟʥʦʛʦ ʦʙʨʘʟʮʘ. 

ɿʘʪʝʤ ʫʪʦʯʥʷʣʠʩʴ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ, ʧʘʨʘʤʝʪʨʳ ʪʝʧʣʦʚʦʛʦ ʩʤʝʱʝʥʠʷ ʜʣʷ ʚʩʝʭ ʘʪʦʤʦʚ ʙʳʣʠ 

ʫʪʦʯʥʝʥʳ ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ, ʘ ʟʘʪʝʤ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʥʘ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ; ʪʝʧʣʦʚʳʝ 

ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʘʪʦʤʦʚ ʦʜʠʥʘʢʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʠ ʧʨʠʥʷʪʳ ʨʘʚʥʳʤʠ. ʋʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʚ ʤʥʦʛʦʬʘʟʥʳʭ ʦʙʨʘʟʮʘʭ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ; ʚʩʝ ʪʝʧʣʦʚʳʝ 

ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʥʘ ʟʥʘʯʝʥʠʷʭ, ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʩʪʨʫʢʪʫʨʥʦʛʦ ʫʪʦʯʥʝʥʠʷ 

ʦʜʥʦʬʘʟʥʦʛʦ ʦʙʨʘʟʮʘ. 

2.2.2 ʉʢʘʥʠʨʫʶʱʘʷ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ɺ ʤʝʪʦʜʝ ʩʢʘʥʠʨʫʶʱʝʡ (ʨʘʩʪʨʦʚʦʡ) ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʕʄ) ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ 

ʩ ʵʥʝʨʛʠʝʡ ʚ ʥʝʩʢʦʣʴʢʦ ʢʵɺ ʬʦʢʫʩʠʨʫʝʪʩʷ ʩʠʩʪʝʤʦʡ ʣʠʥʟ ʚ ʧʷʪʥʦ ʜʠʘʤʝʪʨʦʤ ʦʪ 10 ʜʦ 100 ¡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʉʬʦʢʫʩʠʨʦʚʘʥʥʳʡ ʧʫʯʦʢ ʩʢʘʥʠʨʫʝʪʩʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ 

ʩʠʩʪʝʤʳ ʦʪʢʣʦʥʷʶʱʠʭ ʢʘʪʫʰʝʢ ʩʠʥʭʨʦʥʥʦ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʚ ʢʘʪʦʜʥʦ-ʣʫʯʝʚʦʡ ʪʨʫʙʢʝ, 

ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʩʧʣʝʷ. ɺ ʉʕʄ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʚʪʦʨʠʯʥʳʝ 

ʵʣʝʢʪʨʦʥʳ ʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʫʣʘʚʣʠʚʘʶʪʩʷ ʢʦʣʣʝʢʪʦʨʦʤ ʠ 

ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʠʛʥʘʣ, ʥʘʧʨʘʚʣʷʝʤʳʡ ʢ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʪʨʫʙʢʝ, ʛʜʝ ʦʥ 

ʤʦʜʫʣʠʨʫʝʪ ʷʨʢʦʩʪʴ ʵʣʝʢʪʨʦʥʥʦʛʦ ʣʫʯʘ, ʩʪʨʦʷʱʝʛʦ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʵʢʨʘʥʝ ʵʪʦʡ ʪʨʫʙʢʠ. ʂʨʦʤʝ 

ʪʦʛʦ, ʤʠʢʨʦʩʢʦʧʳ ʦʩʥʘʱʝʥʳ ʧʨʠʩʪʘʚʢʘʤʠ ʜʣʷ ʘʥʘʣʠʟʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʤʝʪʦʜʝ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʉ).  

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʇʕʄ) ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʉʕʄ ʪʝʤ, ʯʪʦ 

ʠʟʦʙʨʘʞʝʥʠʝ ʬʦʨʤʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʦʰʝʜʰʠʭ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʉʕʄ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʦʪʨʘʞʝʥʠʝ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʢʚʦʟʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠ ̫ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ 

ʦʙʨʘʟʝʮ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʝʛʦ ʪʦʣʱʠʥʘ ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ. 
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ʇʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʩʪʨʫʢʪʫʨʫ ʦʙʲʝʢʪʘ ʚ ʦʙʲʝʢʪʠʚʥʦʡ ʣʠʥʟʝ ʬʦʨʤʠʨʫʝʪʩʷ 

ʠʟʦʙʨʘʞʝʥʠʝ. ɿʘʪʝʤ ʩʠʩʪʝʤʘ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʠ ʧʨʦʝʢʮʠʦʥʥʳʭ ʣʠʥʟ ʧʨʦʠʟʚʦʜʠʪ ʝʛʦ ʫʚʝʣʠʯʝʥʠʝ. 

ʈʘʟʨʝʰʝʥʠʝ ʚ ʇʕʄ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʘʪʦʤʥʳʝ ʧʣʦʩʢʦʩʪʠ. ʇʨʦʩʚʝʯʠʚʘʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ 

ʤʠʢʨʦʩʢʦʧ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʠʬʨʘʢʮʠʶ ʵʣʝʢʪʨʦʥʦʚ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʤʦʞʥʦ 

ʠʩʩʣʝʜʦʚʘʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʦʚ [131].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʢʘʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ ʤʘʨʢʠ Hitachi 

S-3400N (ʗʧʦʥʠʷ). ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʕɼʉ ʧʨʠʩʪʘʚʢʠ UltrDry 

(ʉʐɸ). ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ JEM-2010 (çJEOLè, 

ʗʧʦʥʠʷ) ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 200 ʢɺ ʠ ʨʘʟʨʝʰʝʥʠʝʤ 0.14 ʥʤ. ʕʣʝʤʝʥʪʥʦʝ ʢʘʨʪʠʨʦʚʘʥʠʝ 

STEM-EDS ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ JEM-

2200FS (çJEOLè, ʗʧʦʥʠʷ) ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 200 ʢɺ ʠ ʨʘʟʨʝʰʝʥʠʝʤ 0.1 ʥʤ. 

2.2.3 ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʂʦʣʝʙʘʪʝʣʴʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʘʨʥʦʤ ʧʦʪʝʥʮʠʘʣʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ. ʕʪʘ ʠʥʬʦʨʤʘʮʠʷ ʟʘʣʦʞʝʥʘ ʚ ʯʘʩʪʦʪʘʭ ʢʦʣʝʙʘʥʠʡ ʩʠʩʪʝʤʳ. 

ʂʦʣʝʙʘʪʝʣʴʥʳʡ ʩʧʝʢʪʨ ʩʦʝʜʠʥʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ (ʀʂ) ʠ ʨʘʤʘʥʦʚʩʢʦʛʦ (ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ) 

ʨʘʩʩʝʷʥʠʷ.  

ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʟʘʨʷʞʝʥʥʳʤʠ ʘʪʦʤʘʤʠ 

ʤʦʣʝʢʫʣʳ. ɽʩʣʠ ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʘ ʠ ʩʨʘʚʥʠʤʘ ʩ ʯʘʩʪʦʪʦʡ ʩʦʙʩʪʚʝʥʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʤʦʣʝʢʫʣʳ, ʧʦʛʣʦʱʘʝʪʩʷ ʢʚʘʥʪ ʩʚʝʪʘ ʠ ʚ ʩʠʩʪʝʤʝ ʚʦʟʥʠʢʘʝʪ ʢʚʘʥʪ ʢʦʣʝʙʘʥʠʡ. ʇʨʠ 

ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʦʩʣʘʙʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ, ʧʨʦʰʝʜʰʝʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ. ʉʣʦʞʥʘʷ 

ʩʠʩʪʝʤʘ ʢʦʣʝʙʣʶʱʠʭʩʷ ʘʪʦʤʦʚ ʦʙʳʯʥʦ ʦʙʣʘʜʘʝʪ ʥʘʙʦʨʦʤ ʨʘʟʣʠʯʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʧʨʠ ʵʪʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʧʝʢʪʨ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ï ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʦʛʣʦʱʝʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʠʣʠ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ. ʏʘʩʪʦʪʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʀʂ ʠʟʣʫʯʝʥʠʷ, ʤʦʛʫʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʘʣʠʯʠʠ ʚ ʤʦʣʝʢʫʣʘʭ 

ʦʙʨʘʟʮʘ ʪʝʭ ʠʣʠ ʠʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʠ ʜʨʫʛʠʭ ʬʨʘʛʤʝʥʪʦʚ, ʯʪʦ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʭʠʤʠʠ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ [132]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜ ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʠʤʝʥʷʣʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʦʢʘʣʴʥʦʛʦ 

ʦʢʨʫʞʝʥʠʷ ʠʦʥʦʚ. ʉʧʝʢʪʨʳ ʟʘʧʠʩʳʚʘʣʠ ʩ ʧʦʤʦʱʴʶ Bruker Tensor 27 FTIR-ʩʧʝʢʪʨʦʤʝʪʨʘ ʚ 

ʠʥʪʝʨʚʘʣʝ ʯʘʩʪʦʪ ʦʪ 4000 ʜʦ 400 ʩʤ
-1

 ʚ ʪʘʙʣʝʪʢʘʭ ʩ KBr.  
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2.2.4 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʷʜʝʨʥʦʛʦ ʛʘʤʤʘ-ʨʝʟʦʥʘʥʩʘ 

ɺ ʦʩʥʦʚʝ ʷʜʝʨʥʦʡ ɔ-ʨʝʟʦʥʘʥʩʥʦʡ (ʄʝʩʩʙʘʫʵʨʦʚʩʢʦʡ) ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʣʝʞʠʪ ʠʟʫʯʝʥʠʝ 

ʧʝʨʝʭʦʜʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʠʟʤʝʥʝʥʠʝʤ ʩʧʠʥʦʚ ʘʪʦʤʥʳʭ ʷʜʝʨ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚ 

ʬʠʟʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʠʟʦʪʦʧʘ: 
57
Fe ʠ 

119
Sn, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʨʦʩʪʦʪʦʡ ʚʳʧʦʣʥʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʩ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ. 

ʀʩʪʦʯʥʠʢ ʤʦʥʦʭʨʦʤʥʳʭ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʝʱʝʩʪʚʦ, ʩʦʜʝʨʞʘʱʝʝ 

ʢʦʨʦʪʢʦʞʠʚʫʱʠʝ ʠʟʦʤʝʨʳ ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʟʦʪʦʧʦʚ, ʥʘʧʨʠʤʝʨ 
57m
Fe ʜʣʷ ʠʟʦʪʦʧʘ 

57
Fe. ɿʘʪʝʤ 

ʩʪʘʚʠʪʩʷ ʧʦʛʣʦʪʠʪʝʣʴ ï ʚʝʱʝʩʪʚʦ, ʩʦʜʝʨʞʘʱʝʝ ʪʦʪ ʞʝ ʩʘʤʳʡ ʠʟʦʪʦʧ, ʯʪʦ ʠ ʠʟʣʫʯʘʪʝʣʴ, ʘ ʟʘ ʥʠʤ 

ʜʝʪʝʢʪʦʨ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ. ɻʘʤʤʘ-ʢʚʘʥʪʳ, ʠʩʧʫʩʢʘʝʤʳʝ ʠʟʣʫʯʘʪʝʣʝʤ, ʧʦʧʘʜʘʶʪ ʥʘ ʧʦʛʣʦʪʠʪʝʣʴ. 

ʊʝ ʠʟ ʥʠʭ, ʯʴʷ ʵʥʝʨʛʠʷ ʩʦʚʧʘʜʘʝʪ ʩ ʨʘʟʥʦʩʪʴʶ ʵʥʝʨʛʠʡ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʠ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʦʷʥʠʡ 

ʷʜʝʨ ʠʟʦʪʦʧʘ ʚ ʧʦʛʣʦʪʠʪʝʣʝ, ʚʦʟʙʫʞʜʘʶʪ ʷʜʨʦ, ʧʦʛʣʦʱʘʶʪʩʷ ʠ ʥʝ ʧʦʧʘʜʘʶʪ ʥʘ ʜʝʪʝʢʪʦʨ. ʂʚʘʥʪʳ 

ʜʨʫʛʦʡ ʵʥʝʨʛʠʠ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʧʦʛʣʦʪʠʪʝʣʴ ʠ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʜʝʪʝʢʪʦʨʦʤ. ʉʧʝʢʪʨʘʣʴʥʘʷ ʣʠʥʠʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʘʝʤʳʭ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ ʦʪ ʵʥʝʨʛʠʠ. ʇʦʩʢʦʣʴʢʫ 

ʩʧʝʢʪʨʘʣʴʥʳʝ ʣʠʥʠʠ ʚ ʵʬʬʝʢʪʝ ʄʝʩʩʙʘʫʵʨʘ ʦʯʝʥʴ ʫʟʢʠʝ, ʠʟʤʝʥʝʥʠʝ ʯʘʩʪʦʪʳ ʛʘʤʤʘ-ʢʚʘʥʪʦʚ 

ʠʟʣʫʯʘʪʝʣʷ ʜʦʣʞʥʦ ʙʳʪʴ ʥʝʙʦʣʴʰʠʤ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪ ʵʬʬʝʢʪ ɼʦʧʣʝʨʘ ï ʟʘʚʠʩʠʤʦʩʪʴ 

ʯʘʩʪʦʪʳ ʠʟʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʵʥʝʨʛʠʠ ʦʪ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ 

ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʠʟʤʝʨʝʥʠʷʭ ʠʟʣʫʯʘʪʝʣʴ ʜʚʠʞʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ÑV, ʧʦʵʪʦʤʫ ʚʤʝʩʪʦ ʵʥʝʨʛʠʠ 

ʠʣʠ ʯʘʩʪʦʪʳ ʧʦ ʦʩʠ ʘʙʩʮʠʩʩ ʦʪʢʣʘʜʳʚʘʶʪ ʩʢʦʨʦʩʪʴ (ʦʙʳʯʥʦ ʚ ʤʤ/ʩ). ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʘʥʘʣʠʟ 

ʧʦʣʫʯʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʝ ʦʙʣʘʩʪʝʡ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ: 

ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʘʪʦʤʦʚ, ʠʭ ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʭ ʯʠʩʣʘʭ, ʭʘʨʘʢʪʝʨʝ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ. 

ʀʟʫʯʝʥʠʝ ʢʦʦʨʜʠʥʘʮʠʠ ʘʪʦʤʦʚ ʠ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʠʦʥʦʚ ʞʝʣʝʟʘ ʚ ʜʦʧʠʨʦʚʘʥʥʳʭ 

ʞʝʣʝʟʦʤ ʦʙʨʘʟʮʘʭ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʄʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʢʠ NZï640/2 (ɺʝʥʛʨʠʷ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʍʠʤʠʯʝʩʢʠʡ ʩʜʚʠʛ 

ʦʧʨʝʜʝʣʷʣʠ ʦʪʥʦʩʠʪʝʣʴʥʦ Ŭ-Fe. 

2.2.5 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʦʛʣʦʱʝʥʠʷ 

ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʤʘʪʝʨʠʘʣʘ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ ʚʦʟʤʦʞʥʦ ʧʦʛʣʦʱʝʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʚʝʱʝʩʪʚʦʤ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʬʦʪʦʥʦʚ ʩʨʘʚʥʠʤʘ ʩ ʵʥʝʨʛʠʝʡ 

ʠʦʥʠʟʘʮʠʠ ʘʪʦʤʦʚ. ʂʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʮʝʩʩ ʧʦʛʣʦʱʝʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʳʙʠʚʘʥʠʝʤ 

ʵʣʝʢʪʨʦʥʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʘ ʚʥʫʪʨʝʥʥʠʭ ʫʨʦʚʥʷʭ ʚʦʟʥʠʢʘʝʪ ʜʳʨʢʘ. ʊʘʢʦʝ ʩʦʩʪʦʷʥʠʝ 

ʢʨʘʡʥʝ ʥʝʫʩʪʦʡʯʠʚʦ ʠ ʚ ʪʝʯʝʥʠʝ 10
-15

-10
-16

 ʩ ʨʝʣʘʢʩʠʨʫʝʪ ʟʘ ʩʯʝʪ ʧʝʨʝʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʩ 

ʚʥʝʰʥʠʭ ʫʨʦʚʥʝʡ ʥʘ ʦʩʚʦʙʦʜʠʚʰʝʝʩʷ ʤʝʩʪʦ. ʇʨʠ ʵʪʦʤ ʥʘ ʚʳʰʝʣʝʞʘʱʠʭ ʫʨʦʚʥʷʭ ʦʙʨʘʟʫʝʪʩʷ 

ʚʘʢʘʥʩʠʷ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʳʟʳʚʘʝʪ ʘʥʘʣʦʛʠʯʥʳʝ ʧʨʦʮʝʩʩʳ. ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚʝʱʝʩʪʚʦʤ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʩʪʨʦʝʥʠʶ ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ ʘʪʦʤʦʚ 
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ʠ ʠʭ ʣʦʢʘʣʴʥʦʤʫ ʦʢʨʫʞʝʥʠʶ, ʥʘ ʯʸʤ ʦʩʥʦʚʘʥʳ ʪʘʢʠʝ ʤʝʪʦʜʳ, ʢʘʢ XANES ʠ EXAFS-

ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʰʝʜʰʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʧʘʜʘʝʪ ʩ 

ʪʦʣʱʠʥʦʡ ʦʙʨʘʟʮʘ, ʯʪʦ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʚʳʨʘʞʝʥʠʝʤ: 

Ὅ ὍὩ                                                                       (2.5) 

ʛʜʝ Ix ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʰʝʜʰʝʛʦ ʧʫʯʢʘ, I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʭʦʜʷʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, x ï 

ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ, ɛ ï ʣʠʥʝʡʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ. ʂʦʛʜʘ ʵʥʝʨʛʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʬʦʪʦʥʘ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʚʥʫʪʨʝʥʥʝʛʦ ʫʨʦʚʥʷ ʘʪʦʤʘ, ʚ ʤʘʪʝʨʠʘʣʝ ʧʨʦʠʩʭʦʜʠʪ 

ʨʝʟʢʠʡ ʨʦʩʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ɛ. ɼʣʷ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʘʪʦʤʘ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ 

ʫʤʝʥʴʰʘʝʪʩʷ ʤʦʥʦʪʦʥʥʦ, ʘ ʜʣʷ ʚʝʱʝʩʪʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʟʘ ʢʨʘʝʤ 

ʧʦʛʣʦʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʠʤʝʶʱʘʷ ʦʩʮʠʣʣʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ. 

ʇʨʠʯʠʥʦʡ ʪʦʥʢʦʡ ʦʩʮʠʣʣʠʨʫʶʱʝʡ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʨʝʥʮʠʷ ʧʝʨʚʠʯʥʦʡ ʚʦʣʥʳ 

ʬʦʪʦʵʣʝʢʪʨʦʥʘ ʩ ʚʪʦʨʠʯʥʳʤʠ ʚʦʣʥʘʤʠ, ʚʦʟʥʠʢʘʶʱʠʤʠ ʧʨʠ ʨʘʩʩʝʷʥʠʠ ʥʘ ʩʦʩʝʜʥʠʭ ʘʪʦʤʘʭ. 

ʬʦʪʦʵʣʝʢʪʨʦʥʳ ʩ ʨʘʟʥʦʡ ʵʥʝʨʛʠʝʡ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʩʝʷʥʠʷ ʚʝʜʫʪ ʩʝʙʷ ʧʦ-ʨʘʟʥʦʤʫ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʝʣʝʥʠʷ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʧʝʢʪʨʦʚ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʜʚʝ ʯʘʩʪʠ (ʨʠʩ. 2.1): 

1) ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʦʙʣʘʩʪʴ, ʥʘʟʳʚʘʝʤʫʶ ʙʣʠʞʥʝʡ, ʠʣʠ ʦʢʦʣʦʧʦʨʦʛʦʚʦʡ, ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ï XANES (X-ray absorbtion near edge structure), ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʥʝʨʛʠʷ 

ʬʦʪʦʵʣʝʢʪʨʦʥʦʚ ʜʦ ~ 30 ʵɺ, ʛʜʝ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʢʘʟʳʚʘʝʪʩʷ ʤʥʦʛʦʢʨʘʪʥʦʝ ʨʘʩʩʝʷʥʠʝ; 

2) ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʦʙʣʘʩʪʴ, ʥʘʟʳʚʘʝʤʫʶ ʧʨʦʪʷʞʝʥʥʦʡ (ʜʘʣʴʥʝʡ) ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ï EXAFS (Extended X-ray absorbtion fine structure), ʛʜʝ ʛʣʘʚʥʳʡ ʚʢʣʘʜ ʚ ʧʦʛʣʦʱʝʥʠʝ 

ʜʘʝʪ ʦʜʥʦʢʨʘʪʥʦʝ ʨʘʩʩʝʷʥʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʘ. 

 

ʈʠʩʫʥʦʢ 2.1. ʉʨʘʚʥʝʥʠʝ ʦʙʣʘʩʪʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʉʣʝʚʘ ʧʨʠʚʝʜʝʥʳ ʜʚʝ ʤʦʜʝʣʠ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ ʚ ʙʣʠʞʘʡʰʝʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʝ ʧʦʛʣʦʱʘʶʱʝʛʦ ʘʪʦʤʘ. 

ʅʘ ʨʠʩʫʥʢʝ ʚʠʜʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʠʤʤʝʪʨʠʠ (ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ) ʘʪʦʤʦʚ, 

ʦʢʨʫʞʘʶʱʠʭ ʧʦʛʣʦʱʘʶʱʠʡ ʘʪʦʤ ʚ ʚʝʱʝʩʪʚʝ, ʚʣʠʷʝʪ ʥʘ ʭʘʨʘʢʪʝʨ ʩʧʝʢʪʨʘ ʚ ʦʙʣʘʩʪʠ XANES, 

ʪʦʛʜʘ ʢʘʢ ʩʧʝʢʪʨ ʚ ʦʙʣʘʩʪʠ EXAFS ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 
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ʧʦʛʣʦʱʝʥʠʷ ʢʨʘʡʥʝ ʧʦʣʝʟʝʥ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʚʘʣʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ, ʦʪ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ 

ʩʜʚʠʛ ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ: ʩʜʚʠʛ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʵʥʝʨʛʠʡ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʦʷʚʣʝʥʠʠ ʠ ʚʝʣʠʯʠʥʝ ʧʦʣʦʞʠʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʥʘ ʠʩʩʣʝʜʫʝʤʦʤ ʵʣʝʤʝʥʪʝ. 

ɺʝʣʠʯʠʥʘ ʩʜʚʠʛʘ ʟʘʚʠʩʠʪ ʦʪ ʚʘʣʝʥʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʵʣʝʤʝʥʪʘ, ʩʠʤʤʝʪʨʠʠ ʠ ʧʨʠʨʦʜʳ ʘʪʦʤʦʚ ʝʛʦ 

ʙʣʠʞʘʡʰʝʛʦ ʦʢʨʫʞʝʥʠʷ [133].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʧʝʢʪʨʦʩʢʦʧʠ ʁ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ in situ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʦʥʦʚ ʚʘʥʘʜʠʷ ʚ Na3V2(PO4)2F3 ʚ 

ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʚ ʣʠʪʠʝʚʦʡ ʧʦʣʫʷʯʝʡʢʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʝʚʨʦʧʝʡʩʢʦʤ 

ʮʝʥʪʨʝ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ESRF (ʛ. ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ) ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʪʘʥʮʠʠ 

BM31 ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 4 ï 70 ʢʵɺ, ʤʦʥʦʭʨʦʤʘʪʦʨ ï ʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʷ (111). 

ʇʝʨʚʠʯʥʘʷ ʦʙʨʘʙʦʪʢʘ ʩʧʝʢʪʨʦʚ ʂ-ʢʨʘʷ ʧʦʛʣʦʱʝʥʠʷ ʚʘʥʘʜʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʩʪʘʥʜʘʨʪʥʦʤ 

ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ ESRF.  

2.2.6 ʆʧʨʝʜʝʣʝʥʠʝ ʩʨʝʜʥʝʡ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʚʘʥʘʜʠʷ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʚʘʥʘʜʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜʠʢʫ ʜʚʦʡʥʦʛʦ 

ʦʙʨʘʪʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʪʠʪʨʦʚʘʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʦʙʨʘʟʮʳ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʦʚ 

ʚʘʥʘʜʠʷ-ʥʘʪʨʠʷ ʨʘʩʪʚʦʨʷʣʠ ʚ 2ʄʨʘʩʪʚʦʝ ʩʝʨʥʦʡ ʢʠʩʣʦʪ r ʧʨʠ 80
ʦ
ʉ. ʇʝʨʚʦʝ ʪʠʪʨʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʠ 0.1-ʥ ʨʘʩʪʚʦʨʦʤ KMnO4 ʜʦ ʧʦʣʥʦʛʦ ʧʝʨʝʭʦʜʘ ʦʢʨʘʩʢʠ ʨʘʩʪʚʦʨʘ ʩ ʟʝʣʸʥʦʛʦ ʥʘ 

ʬʠʦʣʝʪʦʚʳʡ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʢʠʩʣʝʥʠʶ V
+x
ŸV

+5
; ʦʙʲʸʤ ʨʘʩʪʚʦʨʘ ʤʘʨʛʘʥʮʦʚʢʠ ʬʠʢʩʠʨʦʚʘʣʠ 

ʢʘʢ V1. ɿʘʪʝʤ ʠʟʙʳʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʦʣʠ ʄʦʨʘ FeSO4(NH4)2(SO4)Ŀ6H2O ʜʦʙʘʚʣ̫ ʣʠ ʚ ʨʘʩʪʚʦʨ 

ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ V
+5
ŸV

+4
. ʇʦʩʣʝ ʦʩʪʳʚʘʥʠʷ ʨʘʩʪʚʦʨʘ ʜʦʙʘʚʣʷʣʠ ʠʟʙʳʪʦʢ ʧʝʨʩʫʣʴʬʘʪʘ 

ʘʤʤʦʥʠʷ (NH4)2S2O8 ʜʣʷ ʧʦʣʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʞʝʣʝʟʘ Fe
+2
ŸFe

+3
. ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʡ 

ʨʘʩʪʚʦʨ ʩʥʦʚʘ ʦʪʪʠʪʨʦʚʘʣʠ 0.1-ʥ ʨʘʩʪʚʦʨʦʤ KMnO4 ʜʦ ʨʝʟʢʦʛʦ ʧʝʨʝʭʦʜʘ ʦʢʨʘʩʢʠ ʦʪ ʙʝʩʮʚʝʪʥʦʡ 

ʢ ʨʦʟʦʚʦʡ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʢʠʩʣʝʥʠʶ V
+4
ŸV

+5
; ʟʘʪʨʘʯʝʥʥʳʡ ʦʙʲʸʤ ʬʠʢʩʠʨʦʚʘʣʠ ʢʘʢ V2. 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʚʘʥʘʜʠʷ ʨʘʩʩʯʠʪʳʚʘʣʠ ʢʘʢ ʨʘʟʥʦʩʪʴ ʉʆ = 5 ï V1/ V2. 

2.2.7 ʍʨʦʥʦʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʝ ʮʠʢʣʠʨʦʚʘʥʠʝ 

ʀʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ 

ʭʨʦʥʦʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʦʧʫʩʢʘʥʠʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ (ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʠʡ ʨʝʞʠʤ) ʯʝʨʝʟ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ 

ʷʯʝʡʢʫ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʧʨʦʧʫʩʢʘʥʠʷ ʪʦʢʘ U(t). ʕʪʦ 

ʩʦʦʪʥʦʰʝʥʠʝ ʥʝʩʣʦʞʥʦ ʧʝʨʝʩʯʠʪʘʪʴ ʚ ʟʘʚʠʩʠʤʦʩʪʴ çʥʘʧʨʷʞʝʥʠʝ ï ʧʨʦʧʫʱʝʥʥʦʝ 

ʵʣʝʢʪʨʠʯʝʩʪʚʦè, U(Q), AĿʯ, ʘ ʪʘʢʞʝ ʚ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʫʜʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʠʯʝʩʪʚʘ U(q), 

AĿʯ/ʛ, ʣʠʙʦ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʦʛʦ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʣʠʪʠʷ U(ʭLi). 
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ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ ʀʍʊʊʄ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʧʦ ʮʠʢʣʠʨʦʚʘʥʠʶ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʚʫʭʵʣʝʢʪʨʦʜʥʦʡ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʪʠʧʘ Swagelok. ʂʘʪʦʜʥʘʷ ʤʘʩʩʘ ʩʦʩʪʦʷʣʘ ʠʟ 75% ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ, 

20% ʩʘʞʠ çʇ277è, 5% ʇɺɼʌ (2% ʨʘʩʪʚʦʨ ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ ʚ N-ʤʝʪʠʣʧʠʨʨʦʣʠʜʦʥʝ). 

ʇʨʠʛʦʪʦʚʣʝʥʥʫʶ ʢʘʪʦʜʥʫʶ ʤʘʩʩʫ ʥʘʥʦʩʠʣʠ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʘ ʤʝʜʥʫʶ (ʜʣʷ ʘʥʦʜʘ) ʠʣʠ 

ʘʣʶʤʠʥʠʝʚʫʶ (ʜʣʷ ʢʘʪʦʜʘ) ʬʦʣʴʛʫ ʠ ʩʫʰʠʣʠ ʚ ʚʘʢʫʫʤʥʦʤ ʰʢʘʬʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 90
ʦ
ʉ ʚ 

ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʜʣʷ ʫʜʘʣʝʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʠ ʦʩʪʘʪʢʦʚ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɻʦʪʦʚʳʝ 

ʢʘʪʦʜʳ (ʘʥʦʜʳ) ʚʳʨʝʟʘʣʠ ʠʟ ʚʳʩʫʰʝʥʥʦʡ ʧʣʸʥʢʠ ʩ ʧʦʤʦʱʴʶ ʨʝʟʘʢʘ ʚ ʚʠʜʝ ʢʨʫʛʦʚ ʜʠʘʤʝʪʨʦʤ 1 

ʩʤ ʠ ʧʦʤʝʱʘʣʠ ʚ ʩʪʘʣʴʥʫʶ ʷʯʝʡʢʫ ʩ ʚʥʫʪʨʝʥʥʝʡ ʠʟʦʣʷʮʠʝʡ. ʄʘʩʩʘ ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ 

ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ 1.5-2 ʤʛ. ɼʘʣʴʥʝʡʰʫʶ ʩʙʦʨʢʫ ʧʨʦʚʦʜʠʣʠ ʚ ʘʨʛʦʥʦʚʦʤ ʙʦʢʩʝ. ɺ ʢʘʯʝʩʪʚʝ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʚ ʚ ʧʦʣʫʷʯʝʡʢʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʥʘʪʨʠʡ ʠʣʠ ʣʠʪʠʡ. ʕʣʝʢʪʨʦʜʳ 

ʦʪʜʝʣʷʣʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʩʝʧʘʨʘʪʦʨʦʤ ʬʠʨʤʳ Whatman, ʜʦʙʘʚʣʷʣʠ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʳʡ ʞʠʜʢʠʡ 

ʵʣʝʢʪʨʦʣʠʪ, ʩʦʩʪʦʷʱʠʡ ʠʟ 1ʄ ʨʘʩʪʚʦʨʘ LiPF6 ʚ ʩʤʝʩʠ ʕʂ ʠ ɼʄʂ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 2:1 ʧʦ ʤʘʩʩʝ 

ʠʣʠ 1ʄ ʨʘʩʪʚʦʨʘ NaPF6 ʚ ʩʤʝʩʠ ʇʂ ʠ ɼʄʂ ʚ ʪʦʤ ʞʝ ʩʦʦʪʥʦʰʝʥʠʠ. ɻʝʨʤʝʪʠʯʝʩʢʠ ʟʘʢʨʳʪʫʶ 

ʷʯʝʡʢʫ ʚʳʥʠʤʘʣʠ ʠʟ ʙʦʢʩʘ ʠ ʧʦʜʩʦʝʜʠʥʷʣʠ ʢ ʫʩʪʘʥʦʚʢʝ ʧʦ ʮʠʢʣʠʨʦʚʘʥʠʶ. ʎʠʢʣʠʨʦʚʘʥʠʝ ʚ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʥʝʩʢʦʣʴʢʠʭ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ, 

ʧʦʜʘʚʘʝʤʦʛʦ ʥʘ ʷʯʝʡʢʫ (ʩʢʦʨʦʩʪʷʭ ʮʠʢʣʠʨʦʚʘʥʠʷ). ʉʢʦʨʦʩʪʠ ʦʙʦʟʥʘʯʘʣʠ ʚ ʦʙʱʝʧʨʠʥʷʪʦʤ ʚʠʜʝ: 

ʉ/n, ʛʜʝ ʉ ï ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ, n ï ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʦʚ, ʟʘ ʢʦʪʦʨʦʝ ʷʯʝʡʢʘ ʜʦʣʞʥʘ 

ʜʦʩʪʠʛʥʫʪʴ ʪʝʦʨʝʪʠʯʝʩʢʫ  ʁʸʤʢʦʩʪ.ɹ  

2.2.8 ɻʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʝ ʧʨʝʨʳʚʠʩʪʦʝ ʪʠʪʨʦʚʘʥʠʝ (GITT ) 

ɺ ʤʝʪʦʜʝ GITT ʥʘ ʵʣʝʢʪʨʦʜ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʥʝʙʦʣʴʰʠʝ ʠʤʧʫʣʴʩʳ ʪʦʢʘ ʠ ʨʝʛʠʩʪʨʠʨʫʶʪ 

ʠʟʤʝʥʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ. ʅʘʣʦʞʝʥʠʝ ʠʤʧʫʣʴʩʘ ʪʦʢʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʥʪʝʨʢʘʣʷʮʠʝʡ 

(ʜʝʠʥʪʝʨʢʘʣʷʮʠʝʡ) ʠʦʥʦʚ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʘ ʚ ʵʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ, ʯʪʦ ʦʪʢʣʦʥʷʝʪ ʩʠʩʪʝʤʫ ʦʪ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɺʘʞʥʳʤ ʤʦʤʝʥʪʦʤ ʷʚʣʷʝʪʩʷ ʤʘʣʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʠʩʪʝʤʳ ʦʪ ʨʘʚʥʦʚʝʩʠʷ, 

ʧʦʵʪʦʤʫ ʝʜʠʥʠʯʥʳʡ ʪʠʪʨʫʝʤʳʡ ʠʤʧʫʣʴʩ ʥʝ ʜʦʣʞʝʥ ʧʨʠʚʦʜʠʪʴ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʩʪʝʭʠʦʤʝʪʨʠʠ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʘʪʝʤ ʩʣʝʜʫʝʪ ʦʪʢʣʶʯʝʥʠʝ ʧʨʠʣʘʛʘʝʤʦʛʦ ʪʦʢʘ ʠ 

ʜʣʠʪʝʣʴʥʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʜ ʜʦʣʞʝʥ ʜʦʩʪʠʛʥʫʪʴ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ 

ʧʦʪʝʥʮʠʘʣʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʦʚʦʤʫ ʩʦʩʪʘʚʫ ʧʦʩʣʝ ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʠʦʥʦʚ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʧʦʤʦʱʴʶ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʚʦʟʤʦʞʥʘ ʨʝʛʠʩʪʨʘʮʠʷ 

ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʧʨʠʯʤy ʧʦ ʚʝʣʠʯʠʥʝ ʦʪʢʣʦʥʝʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʥʘʣʦʞʝʥʠʠ ʪʦʢʘ ʦʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʜʦʩʪʠʛʘʝʤʦʛʦ ʧʦʩʣʝ ʨʝʣʘʢʩʘʮʠʠ, 

ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʢʠʥʝʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʩʠʩʪʝʤʳ.  

ʅʘʙʣʶʜʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʚʦʡ ʤʝʪʦʜʦʤ GITT ʧʨʦʚʦʜʠʣʠ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʧʦʣʫʷʯʝʡʢʝ ʩʪʘʥʜʘʨʪʥʦʡ ʩʙʦʨʢʠ ʚ ʨʝʞʠʤʝ ʧʦʜʘʯʠ ʪʦʢʘ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʩ ʧʦʩʣʝʜʫʶʱʝʤ 
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ʦʪʢʣʶʯʝʥʠʝʤ (ʨʝʣʘʢʩʘʮʠʝʡ) ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ. ʇʣʦʪʥʦʩʪʴ ʪʦʢʘ, ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʥʘ ʵʣʝʢʪʨʦʜ, 

ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʥʘ ʟʥʘʯʝʥʠʠ 12.8 ʤɸʯ/ʛ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ C/10 

(ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʢʘʪʦʜʘ 128.3 ʤɸʯ/ʛ).  

2.2.9 ʎʠʢʣʠʯʝʩʢʘʷ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ 

ʄʝʪʦʜʳ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʦʩʥʦʚʘʥʳ ʥʘ ʠʟʤʝʨʝʥʠʠ ʪʦʢʘ ʧʨʠ ʣʠʥʝʡʥʦʡ ʨʘʟʚʸʨʪʢʝ 

ʧʦʪʝʥʮʠʘʣʘ, ʧʦʜʘʚʘʝʤʦʛʦ ʥʘ ʵʣʝʢʪʨʦʜ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʷʤʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ, ʧʨʠ 

ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʧʦʪʝʥʮʠʘʣ ʚ ʢʦʥʮʝ ʮʠʢʣʘ ʠʟʤʝʨʝʥʠʷ ʚʦʟʚʨʘʱʘʝʪʩʷ ʢ 

ʠʩʭʦʜʥʦʤʫ ʟʥʘʯʝʥʠʶ (ʨʠʩ. 2.2ʘ). ʅʘ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʘʭ ʥʘʙʣʶʜʘʶʪʩʷ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʧʨʦʮʝʩʩʘʤ ʦʢʠʩʣʝʥʠʷ (ʠʣʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ) ʥʘ ʵʣʝʢʪʨʦʜʝ, ʧʨʠ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʨʘʟʚʸʨʪʢʠ 

ʧʦʪʝʥʮʠʘʣʘ ʵʪʠ ʧʨʦʮʝʩʩʳ ʦʙʨʘʱʘʶʪʩʷ (ʨʠʩ. 2.2ʙ). ʅʘ ʦʩʥʦʚʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʪʝʥʮʠʘʣʦʚ ʧʠʢʦʚ ʠ 

ʪʦʢʦʚ ʧʠʢʦʚ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʦʥʩʪʘʥʪʳ ʩʢʦʨʦʩʪʠ 

ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʧʝʨʝʥʦʩʘ ʵʣʝʢʪʨʦʥʦʚ ʠʣʠ ʛʦʤʦʛʝʥʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʜʨʫʛʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʢʪʨʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ.  

 

ʈʠʩʫʥʦʢ 2.2. ʉʧʦʩʦʙ ʨʘʟʚʝʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ (ʘ) ʠ ʧʨʠʤʝʨʥʳʡ ʚʠʜ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤ rʜʣʷ 

ʦʙʨʘʪʠʤʦʛʦ ʧʨʦʮʝʩʩʘ (ʙ) [134]. 

ɼʣʷ ʧʦʣʥʦʩʪʴʶ ʦʙʨʘʪʠʤʦʛʦ ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚʝʣʠʯʠʥʳ ʪʦʢʦʚ ʘʥʦʜʥʦʛʦ ʠ 

ʢʘʪʦʜʥʦʛʦ ʧʠʢʦʚ ʩʦʚʧʘʜʘʶʪ, ʪ.ʝ. Ip[red]/ Ip[ox] = 1, ʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʧʦʪʝʥʮʠʘʣʦʚ ʧʠʢʦʚ 

ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ Ep[red] ï Ep[ox] = -57/n ʤɺ (n ï ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʝʥʦʩʠʤʳʭ ʵʣʝʢʪʨʦʥʦʚ) ʧʨʠ 298 ʂ 

ʠ ʥʝ ʟʘʚʠʩʝʪɹ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ [134]. 

ʌʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʦʪʚʝʪʩʪʚʝʥʥʳʝ ʟʘ ʬʦʨʤʫ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʦʧʠʨʘʶʪʩʷ ʥʘ ʜʚʘ 

ʟʘʢʦʥʘ: ʟʘʢʦʥ ʌʠʢʘ (2._6), ʦʧʠʩʳʚʘʶʱʠʡ ʜʠʬʬʫʟʠʶ ʚʝʱʝʩʪʚʘ ʢ ʵʣʝʢʪʨʦʜʫ, ʠ ʟʘʢʦʥ ʅʝʨʥʪʩʘ 

(2.7), ʦʧʨʝʜʝʣʷʶʱʠʡ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʠʩʣʝʥʥʦʡ [Ox]x=0 ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʡ 

[Red]x=0 ʬʦʨʤ ʚʝʱʝʩʪʚʘ ʢʘʢ ʬʫʥʢʮʠʶ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ (E(t)) ʠ ʬʦʨʤʘʣʴʥʦ ʦʙʨʘʪʠʤʦʛʦ (E
ɗ
)  

ʧʦʪʝʥʮʠʘʣʘ [135]:  
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Ὀ                                                                       (2.6) 

Ὡ                                                              (2.7) 

ɺ ʜʘʥʥʦʤ ʫʨʘʚʥʝʥʠʠ ʧʘʨʘʤʝʪʨ ʭ ʦʙʦʟʥʘʯʘʝʪ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ. 

ɼʣʷ ʦʙʨʘʪʠʤʦʡ ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʪʦʢ ʧʠʢʘ Ip ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʫʨʘʚʥʝʥʠʶ 

ʈɻʥʜʣʩʘ-ʐʝʚʯʠʢʘ ʚ ʚʠʜʝ ʬʫʥʢʮʠʠ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ [135]: 

Ὅ πȢττφσὲὛὊὕὼ̏ ̧̛̂̍                                               (2.8) 

ɿʜʝʩʴ n ï ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ ʥʘ ʦʜʥʫ 

ʤʦʣʝʢʫʣʫ, F ï ʧʦʩʪʦʷʥʥʘʷ ʌʘʨʘʜʝʷ, ʨʘʚʥʘʷ 96485 ʂʣ/ʤʦʣʴ, [Ox] ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʢʠʩʣʝʥʥʦʡ 

ʬʦʨʤʳ (ʤʦʣʴ/ʩʤ
3
), D ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ (ʩʤ

2
/ʩ), R = 8.314 ɼʞ/(ʂĿʤʦʣʴ) ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, ʊ ï ʪʝʤʧʝʨʘʪʫʨʘ (ʂ), S ï ʧʣʦʱʘʜʴ ʵʣʝʢʪʨʦʜʘ (ʩʤ
2
) ʠ ɡ ï ʩʢʦʨʦʩʪʴ ʨʘʟʚʸʨʪʢʠ 

ʧʦʪʝʥʮʠʘʣʘ (ɺ/ʩ). ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʟʥʘʢ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʠʷ ʫʨʘʚʥʝʥʠʷ ʧʨʦʮʝʩʩʫ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʦʙʨʘʪʠʤʦʛʦ ʧʨʦʮʝʩʩʘ, ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʜʠʬʬʫʟʠʝʡ, ʪʦʢ 

ʧʠʢʘ Ip ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʢʚʘʜʨʘʪʥʦʤʫ ʢʦʨʥʶ ʠʟ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ ɡ, ʠ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʧʦʩʣʝʜʥʝʡ Ip ʙʫʜʝʪ ʚʦʟʨʘʩʪʘʪʴ.  

 ʆʜʥʘʢʦ ʦʙʨʘʪʠʤʳʝ ʮʠʢʣʠʯʝʩʢʠʝ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤʳ ʥʝ ʚʩʝʛʜʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʧʨʦʮʝʩʩʘʤ, ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʜʠʬʬʫʟʠʝʡ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʥʘʣʠʯʠʠ ʘʜʩʦʨʙʮʠʠ ʦʢʠʩʣʝʥʥʦʡ ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʡ ʬʦʨʤ ʚʝʱʝʩʪʚʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʵʣʝʢʪʨʦʜʘ ʠʣʠ ʠʭ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʠ ʚ ʪʦʥʢʦʤ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʨʘʩʪʚʦʨʘ. ʊʦʛʜʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʪʦʢʘ ʧʠʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ 

ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ ʧʨʠʦʙʨʝʪʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ [135]:  

Ὅ Ὓː ὺȟ                                                                 (2.9) 

ʛʜʝ ɻ0 ï ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ (ʤʦʣʴ/ʩʤ
2
). ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʘʜʩʦʨʙʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʪʦʢ ʧʠʢʘ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ ʧʦʪʝʥʮʠʘʣʘ ʣʠʥʝʡʥʦ.  

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ [136]: 

Ip = aĿɡ
b
,                                                                         2.10) 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪ b (ʢʨʠʪʝʨʠʡ ʉʝʤʝʨʘʥʘ) ʚ ʩʣʫʯʘʝ ʠʜʝʘʣʴʥʦʛʦ ʬʘʨʘʜʝʝʚʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, 

ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʜʠʬʬʫʟʠʝʡ, ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ 0.5, ʘ ʚ ʩʣʫʯʘʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʚʝʱʝʩʪʚ ʚ ʦʪʩʫʪʩʪʚʠʝ ʜʠʬʬʫʟʠʦʥʥʳʭ 

ʦʛʨʘʥʠʯʝʥʠʡ b = 1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟ ʮʠʢʣʠʯʝʩʢʠʭ ʚʦʣʴʪʘʤʧʝʨʦʛʨʘʤʤ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʨʘʟʥʳʭ ʩʢʦʨʦʩʪʷʭ ʨʘʟʚʸʨʪʢʠ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ b ʠ ʦʮʝʥʠʪʴ ʢʘʢʦʡ 

ʤʝʭʘʥʠʟʤ ʥʘʢʦʧʣʝʥʠʷ ʟʘʨʷʜʘ ʧʨʝʦʙʣʘʜʘʝʪ [136]. ɹʦʣʝʝ ʪʦʛʦ, ʪʦʢ ʧʠʢʘ (Ip) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

ʩʫʤʤʫ ʸʤʢʦʩʪʥʦʛʦ (ic) ʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ (ic) ʪʦʢʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ ʨʘʟʚʸʨʪʢʠ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  
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Ip = id + ic = y1Ŀɡ
0.5

 + y2Ŀɡ                                                    (2.11) 

ʆʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ y1 ʠ y2 ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʚʢʣʘʜ ʚ ʦʙʱʠʡ ʪʦʢ ʧʠʢʘ ʜʠʬʬʫʟʠʦʥʥʦ-

ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʨʝʘʢʮʠʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʦʪ ʚʦʟʤʦʞʥʦʛʦ ʚʢʣʘʜʘ ʧʩʝʚʜʦʤyʢʦʩʪʠ ʠ ɼʕʉ, ʢʦʪʦʨʳʝ, 

ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʜʝʣʝʥʳ. 

2.2.10 ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ 

ʉʫʪ ɹʤʝʪʦʜʘ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʤʧʝʜʘʥʩʘ (ʉʕʀ) ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʜʘʯʝ 

ʚʦʟʤʫʱʘʶʱʝʛʦ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʤʘʣʦʡ ʘʤʧʣʠʪʫʜʳ ʥʘ ʠʟʫʯʘʝʤʫʶ 

ʩʠʩʪʝʤʫ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʘʥʘʣʠʟʝ ʧʦʣʫʯʘʝʤʦʛʦ ʧʨʠ ʵʪʦʤ ʩʠʛʥʘʣʘ-ʦʪʢʣʠʢʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʚʦʟʜʝʡʩʪʚʫʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʧʨʠʢʘʣʳʚʘʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ V(t) = V0Ŀsin(ɤt+•). ʅʘ ʚʳʭʦʜʝ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʪʦʢ I(t) = I0Ŀsin(ɤt), ʧʨʦʪʝʢʘʶʱʠʡ ʯʝʨʝʟ ʩʠʩʪʝʤʫ, ʛʜʝ V0 ʠ I0 ï ʘʤʧʣʠʪʫʜʘ 

ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ɤ = 2ˊf ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ, ű ï ʬʘʟʦʚʳʡ ʩʜʚʠʛ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʧʦʣʥʦʝ (ʢʦʤʧʣʝʢʩʥʦʝ) ʩʦʧʨʦʪʠʚʣʝʥʠʝ ï ʠʤʧʝʜʘʥʩ Z(ɤ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ, 

ʚʳʪʝʢʘʶʱʠʤ ʠʟ ʟʘʢʦʥʘ ʆʤʘ: 

ὤ‫
  

ÃÏÓ• ÓÉÎ • ϽὧὸὫ‫ὸ                        (2.12) 

ʀʤʧʝʜʘʥʩ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʢʦʤʧʣʝʢʩʥʦʤ ʚʠʜʝ ʢʘʢ ʚʝʢʪʦʨ, ʚʨʘʱʘʶʱʠʡʩʷ ʚ 

ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʧʦ ʦʩʠ ʘʙʩʮʠʩʩ ʦʪʢʣʘʜʳʚʘʶʪʩʷ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʯʠʩʣʘ, ʘ ʧʦ 

ʦʩʠ ʦʨʜʠʥʘʪ ï ʤʥʠʤʳʝ. ʇʨʦʝʢʮʠʠ ʥʝʢʦʝʛʦ ʚʨʘʱʘʶʱʝʛʦʩʷ ʚ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚʝʢʪʦʨʘ  

ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʩʠ ʠʟʤʝʥʷʶʪʩʷ ʦʪ ʚʨʝʤʝʥʠ ʧʦ ʟʘʢʦʥʫ: Ax = A0cos(ɤt+ű), Ay = 

iĀA0sin(ɤt+ű), ʛʜʝ i ï ʤʥʠʤʘʷ ʝʜʠʥʠʮʘ. ʇʨʝʜʩʪʘʚʠʚ V(t) ʠ I(t) ʚ ʚʠʜʝ ʧʨʦʝʢʮʠʡ ʥʘ ʦʩʠ 

ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʠ ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʠʤʧʝʜʘʥʩ Z ʷʚʣʷʝʪʩʷ ʦʪʥʦʰʝʥʠʝʤ ʵʪʠʭ 

ʚʝʣʠʯʠʥ, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ:  

ὤ ὤÃÏÓ•  ὭϽὤÓÉÎ• ὤ ὭϽὤͼȟ                                      (2.13) 

ʧʨʠʯʸʤ Zô ï ʯʘʩʪʦʪʥʦ ʥʝʟʘʚʠʩʠʤʘʷ ʯʘʩʪʴ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Zò ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ (ʩʤ. 2.12).  

ʈʝʟʫʣʴʪʘʪʦʤ ʠʟʤʝʨʝʥʠʡ ʚ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʷʚʣʷʝʪʩʷ ʤʘʩʩʠʚ ʜʘʥʥʳʭ: 

ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ (ɤ) ʟʥʘʯʝʥʠʷ ʬʘʟʦʚʦʛʦ ʫʛʣʘ (ű) ʠ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ (Z). ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʫʜʦʙʥʦ ʧʨʠʚʦʜʠʪʴ ʚ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ (ʨʠʩ. 2.3), ʛʜʝ ʧʦ ʦʩʠ x ʦʪʢʣʘʜʳʚʘʝʪʩʷ ʜʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ Zô, ʘ ʧʦ ʦʩʠ 

y ï ʤʥʠʤʘʷ Zò, ʧʨʠʯʸʤ ʢʦʦʨʜʠʥʘʪʥʘʷ ʩʝʪʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʧʨʠ ʵʪʦʤ ʢʚʘʜʨʘʪʥʦʡ. ʊʘʢʦʝ 

ʧʦʩʪʨʦʝʥʠʝ ʥʘʟʳʚʘʝʪʩʷ ʛʦʜʦʛʨʘʬʦʤ (ʩʧʝʢʪʨʦʤ) ʠʤʧʝʜʘʥʩʘ, ʛʜʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʠʩʪʝʤʳ R 

ʚʳʨʘʞʘʝʪʩʷ ʪʦʯʢʦʡ ʥʘ ʦʩʠ ʘʙʩʮʠʩʩ [137]. 
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ʈʠʩʫʥʦʢ 2.3. ɻʦʜʦʛʨʘʬ ʠʤʧʝʜʘʥʩʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʅʘʡʢʚʠʩʪʘ [137]. 

ɸʥʘʣʠʟ ʧʦʣʫʯʘʝʤʳʭ ʛʦʜʦʛʨʘʬʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʯʘʩʪʝʡ ʩʧʝʢʪʨʘ ʩ 

ʧʨʦʩʪʝʡʰʠʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʬʠʟʠʯʝʩʢʠʝ, 

ʭʠʤʠʯʝʩʢʠʝ ʠʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʠʟʫʯʘʝʤʦʡ ʷʯʝʡʢʝ. ʆʩʥʦʚʥʳʤʠ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʩʭʝʤ ʜʣʷ ʦʧʠʩʘʥʠʷ ʛʦʜʦʛʨʘʬʦʚ ʷʚʣʷʶʪʩʷ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʸʤʢʦʩʪʴ, 

ʠʥʜʫʢʪʠʚʥʦʩʪʴ, ʜʠʬʬʫʟʠʦʥʥʳʡ ʠʤʧʝʜʘʥʩ ɺʘʨʙʫʨʛʘ, ʵʣʝʤʝʥʪ ʧʦʩʪʦʷʥʥʦʡ ʬʘʟʳ.  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʘʥʘʣʠʟ ʩʧʝʢʪʨʘ ʠʤʧʝʜʘʥʩʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʦʙʨʘʟʮʘ ʢʝʨʘʤʠʢʠ Ca12Al 14O33 (ʨʠʩ. 2.4) ʦʙʣʘʜʘʶʱʝʡ ʢʠʩʣʦʨʦʜʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʅʘ ʩʧʝʢʪʨʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʝ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʩʭʝʤ,r ʩʦʩʪʦʷʱʝʡ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʜʚʫʭ ʧʘʨ ʧʘʨʘʣʣʝʣʴʥʦ ʩʦʝʜʠʥʸʥʥʳʭ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʸʤʢʦʩʪʠ. ʂʘʞʜʘʷ ʧʦʣʫʦʢʨʫʞʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʧʨʝʜʝʣʸʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ: ʦʙʲʸʤʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʟʝʨʥʘ (ʧʝʨʚʘʷ) ʠ ʤʝʞʟʸʨʝʥʥʘ ̫ʧʨʦʚʦʜʠʤʦʩʪʴ (ʚʪʦʨʘʷ). 

 

ʈʠʩʫʥʦʢ 2.4. ɻʦʜʦʛʨʘʬ ʠʤʧʝʜʘʥʩʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ [138] 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ RCL ɽ7-25 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ ʄʅʀʇʀ (ɹʝʣʘʨʫʩʴ). ʗʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʩʧʨʝʩʩʦʚʘʥʥʫʶ 

ʪʘʙʣʝʪʢʫ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ ʩ ʙʣʦʢʠʨʫʶʱʠʤʠ ʩʝʨʝʙʨʷʥʳʤʠ ɻʣʝʢʪʨʦʜʘʤʠ. ɼʠʘʧʘʟʦʥ ʯʘʩʪʦʪ 

ʚʥʝʰʥʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 25 ʜʦ 10
6
 ɻʮ. ʀʟʤʝʨʝʥʠʷ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʦʟʜʫʭʝ, ʘ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ï ʚ ʚʘʢʫʫʤʝ.   
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ɻʣʘʚʘ 3.  ʈɽɿʋʃʔʊɸʊʓ ʀ ʆɹʉʋɾɼɽʅʀɽ 

3.1 Na3V2(PO4)3 

3.1.1 ʉʠʥʪʝʟ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ  

ʌʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ Na3V2(PO4)3 ʧʦʣʫʯʘʣʠ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʳʤ 

ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ. ɺ ʢʘʯʝʩʪʚʝ ʨʝʘʛʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʩʠʜ ʚʘʥʘʜʠʷ (V) V2O5 ʚ 

ʩʤʝʩʠ ʩ ʢʘʨʙʦʥʘʪʦʤ ʥʘʪʨʠʷ Na2CO3, ʛʠʜʨʦʬʦʩʬʘʪʦʤ ʘʤʤʦʥʠʷ (NH4)2HPO4 ʠ ʩʘʞʝʡ ʤʘʨʢʠ çʇ-

277è ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ V
+5

 ʜʦ V
+3
. ʆʪʞʠʛ ʧʨʦʚʦʜʠʣʠ ʚ ʘʪʤʦʩʬʝʨʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ï ʘʨʛʦʥʘ ʚ 

ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ. ɺ ʜʘʥʥʦʤ ʤʝʪʦʜʝ, ʚʚʝʜʝʥʠʝ ʩʘʞʠ ʚ 

ʠʩʭʦʜʥʫʶ ʩʤʝʩʴ ʧʦʟʚʦʣʷʣʦ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʦʩʫʱʝʩʪʚʠʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ V
+5

 ʜʦ V
+3

, ʘ ʩ 

ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ï ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦʟʜʘʪʴ ʵʣʝʢʪʨʦʥʦʧʨʦʚʦʜʷʱʫʶ ʜʦʙʘʚʢʫ ʚ ʚʠʜʝ ʦʩʪʘʪʦʯʥʦʡ 

ʩʘʞʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ.  

ʅʘ ʨʠʩʫʥʢʝ 3.1 ʧʨʠʚʝʜʝʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ, ʧʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨ ʦʙʨʘʟʫʶʱʠʭʩʷ ʬʘʟ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ.  
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ʈʠʩʫʥʦʢ 3.1. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʠʩʭʦʜʥʦʛʦ Na3V2(PO4)3 ʧʦʩʣʝ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ 

ʈʠʪʚʝʣʴʜʘ. ʏʝʨʥʘʷ ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ, 

ʢʨʘʩʥʘʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʨʘʩʯʸʪʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ, ʩʠʥʷʷ ʣʠʥʠʷ ï ʨʘʟʥʦʩʪʥʘʷ ʢʨʠʚʘʷ. 

ɺʝʨʪʠʢʘʣʴʥʳʤʠ ʰʪʨʠʭʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʧʦʟʠʮʠʠ ʨʝʬʣʝʢʩʦʚ ʚʩʝʭ ʥʘʙʣʶʜʘʝʤʳʭ ʬʘʟ. ɺ ʧʨʘʚʦʤ 

ʚʝʨʭʥʝʤ ʫʛʣʫ ʫʢʘʟʘʥʳ ʬʘʢʪʦʨʳ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʫʪʦʯʥʝʥʠʷ. 
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ʀʟ ʨʠʩʫʥʢʘ 3.1 ʚʠʜʥʦ, ʯʪʦ ʚ ʧʦʣʫʯʝʥʥʦʤ ʧʨʦʜʫʢʪʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʚʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʬʘʟʳ. ʆʩʥʦʚʥʦʡ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ Na3V2(PO4)3 ʩ 

ʧʨ. ʛʨ. R-3c (PDF ˉ 010-78-7289), ʤʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ 95,2(3)%. ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ a = b = 8.732(1) ¡, c = 21.824(1) ¡, V = 1441.0(1) ¡
3
 ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤ 

ʜʘʥʥʳʤʠ [139]. ɺ ʪʘʙʣʠʮʝ 3.1 ʧʨʠʚʝʜʝʥʳ ʫʪʦʯʥʸʥʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʦʨʜʠʥʘʪ ʘʪʦʤʦʚ ʠ 

ʟʘʩʝʣʝʥʥʦʩʪʴ ʧʦʟʠʮʠʡ ʥʘʪʨʠʷ.  

ʊʘʙʣʠʮʘ 3.1. ʋʪʦʯʥʸʥʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)3 

ɸʪʦʤ ʇʦʟʠʮʠʷ x y z ɿʘʩʝʣʸʥʥʦʩʪʴ 

V1 12c 0 0 0.1477(1) 1 

Na1 6b 0 0 0 0.74(1) 

Na2 18e 0.6334(10)   0 1/4  0.77(1) 

P1 18e 0.2878(2) 0 1/4 1 

O1 36f 0.0310(9) 0.2109(8) 0.1928(3) 1 

O2 36f 0.1934(7) 0.1684(7) 0.0882(3) 1 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ Na3V2(PO4)3 ʦʪʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.2ʘ ʚʤʝʩʪʝ ʩ ʦʩʥʦʚʥʳʤ 

ʩʪʨʫʢʪʫʨʥʳʤ ʤʦʪʠʚʦʤ çʬʦʥʘʨʠʢʦʤè (3.2ʙ). ʊʘʢʠʝ ʛʨʫʧʧʠʨʦʚʢʠ ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ 

ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ NASICON [29] ʠ ʦʙʨʘʟʫʶʪ ʪʨʝʭʤʝʨʥʳʡ ʢʘʨʢʘʩ, ʚ ʧʫʩʪʦʪʘʭ ʢʦʪʦʨʦʛʦ 

ʨʘʩʧʦʣʦʞʝʥʳ ʘʪʦʤʳ ʥʘʪʨʠʷ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʜʚʫʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ, 

ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʳʭ ʰʝʩʪʴʶ (M1, 6b) ʠ ʚʦʩʴʤʴʶ (M2, 18ʝ) ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ. ʀʩʭʦʜʷ ʠʟ 

ʫʪʦʯʥʝʥʠʷ ʜʣʠʥ ʩʚʷʟʝʡ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʦʣʠʵʜʨʳ VO6 ʠ PO4 ʠʩʢʘʞʝʥʳ ʥʝʟʥʘʯʠʪʝʣʴʥʦ.  

ʈʠʩʫʥʦʢ 3.2. ʇʦʣʠʵʜʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)3 (ʘ) ʠ 

ʦʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʥʳʡ ʤʦʪʠʚ ʩ ʫʢʘʟʘʥʠʝʤ ʫʪʦʯʥʸʥʥʳʭ ʜʣʠʥ ʩʚʷʟʝʡ V-O ʠ P-O ʚ ʘʥʛʩʪʨʝʤʘʭ (ʙ). 

ʘ ʙ 

O1 
O1 

O1 

O2 
O2 

O2 

O2 
O2 

O1 



72 
 

 

ʇʨʠʤʝʩʥʦʡ ʬʘʟʦʡ ʚ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ ʷʚʣʷʝʪʩʷ ʧʠʨʦʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ 

NaVP2O7 ʩ ʧʨ. ʛʨ. P21/c (PDF ˉ 040-09-4311) ʠ ʤʘʩʩʦʚʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 4.8(3)%. ʅʘʙʣʶʜʘʝʤʘʷ 

ʧʨʠʤʝʩʥʘʷ ʬʘʟʘ ʦʙʣʘʜʘʝʪ ʢʨʘʡʥʝ ʩʣʘʙʦʚʳʨʘʞʝʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ 

ʥʘʪʨʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʥʘʧʨʷʞʝʥʠʡ 2.5-4.0 ɺ ʧʨʠ ʩʢʦʨʦʩʪʷʭ ʚʳʰʝ ʉ/10 [140]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʞʠʜʘʝʪʩʷ, ʯʪʦ ʝʸ ʧʨʠʩʫʪʩʪʚʠʝ ʥʝ ʦʢʘʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʦʙʱʠʡ ʚʠʜ ʢʨʠʚʳʭ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ Na3V2(PO4)3.  

3.1.2 ʄʦʨʬʦʣʦʛʠʷ 

ʄʦʨʬʦʣʦʛʠʶ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠ ʤʝʪʦʜʦʤ ʉʕʄ. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʨʦʜʫʢʪʘ ʧʨʠ 

ʨʘʟʣʠʯʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.3.  

  

ʈʠʩʫʥʦʢ 3.3. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʘ Na3V2(PO4)3 ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʫʚʝʣʠʯʝʥʠʠ. 

ʅʘ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷʭ ʚʠʜʥʦ ʥʘʣʠʯʠʝ ʧʝʨʚʠʯʥʳʭ ʤʝʣʢʠʭ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 0.5 

ʤʢʤ ʠ ʢʨʫʧʥʳʭ ʧʦʨʠʩʪʳʭ ʘʛʣʦʤʝʨʘʪʦʚ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 10-30 ʤʢʤ. ʅʝʦʜʥʦʨʦʜʥʘʷ ʬʦʨʤʘ 

ʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʘʝʤʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʩ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʄɸ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ ʧʦʨʠʩʪʦʩʪʴ ʯʘʩʪʠʮ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʘʢʪʠʚʥʳʤ 

ʚʳʜʝʣʝʥʠʝʤ ʣʝʪʫʯʠʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ (1), ʯʪʦ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʣʫʯʰʝʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʘ ʯʝʨʝʟ ʢʘʪʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʠ ʩʙʦʨʢʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ. 

3.1.3 ʃʦʢʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʅʘ ʨʠʩʫʥʢʝ 3.4 ʧʨʠʚʝʜʝʥ ʀʂ ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ Na3V2(PO4)3 ʚ ʜʠʘʧʘʟʦʥʝ 500-1600 ʩʤ
-1
. ʀʂ 

ʩʧʝʢʪʨ Na3V2(PO4)3 ʘʥʘʣʦʛʠʯʝʥ ʀʂ ʩʧʝʢʪʨʘʤ ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ NASICON 

[141]. ʆʩʥʦʚʥʳʝ ʧʦʣʦʩʳ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʝ ʥʘ ʀʂ ʩʧʝʢʪʨʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ PïO ʢʦʣʝʙʘʥʠʷʤ 

ʘʥʠʦʥʘ PO4
3-

 (ʪʦʯʝʯʥʘʷ ʛʨʫʧʧʘ Td). ʇʦʣʦʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʩʩʠʤʝʪʨʠʯʥʳʤ ʪʨʠʞʜʳ 

ʚʳʨʦʞʜʝʥʥʳʤ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ɜ3 ʥʘʭʦʜʷʪʩʷ ʚ ʦʙʣʘʩʪʠ 1000 - 1200 ʩʤ
-1
, ʘ ʘʩʩʠʤʝʪʨʠʯʥʳʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ɜ4 ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 480-650 ʩʤ
-1
. çʌʦʥʘʨʠʢʠè, ʦʙʨʘʟʦʚʘʥʥʳʝ 

ʦʢʪʘʵʜʨʘʤʠ VO6 ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʪʝʪʨʘʵʜʨʘʤʠ PO4, ʢʦʪʦʨʳʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʬʘʟʘʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

10 ʤʢʤ 50 ʤʢʤ 
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ʪʠʧʘ NASICON, ʧʨʠʚʦʜʷʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʦʣʦʩ ʚ ʜʠʘʧʘʟʦʥʝ 1150-1200 ʩʤ
-1

; ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʣʦʩʘ 1187 ʩʤ
-1

 ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ. ʇʦʣʦʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʦʣʝʙʘʥʠʷʤ M-O, 

ʥʘʭʦʜʷʪʩʷ ʚ ʜʘʣʴʥʝʡ ʀʂ ʦʙʣʘʩʪʠ (400-100 ʩʤ
-1
) ʠ ʥʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʜʘʥʥʦʤ ʩʧʝʢʪʨʝ [141].  
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ʈʠʩʫʥʦʢ 3.4. ʀʂ ʩʧʝʢʪʨ Na3V2(PO4)3. 

3.1.4 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ  

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠ ̫ ʠʟʫʯʘʣʠ ʚ ʜʚʫʭ ʪʠʧʘʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʦʣʫʷʯʝʝʢ: ʥʘʪʨʠʝʚʦʡ ʠ ʣʠʪʠʝʚʦʡ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʜʣʷ Na3V2(PO4)3 ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʥʘʪʨʠʡ, ʘ ʵʣʝʢʪʨʦʣʠʪ 

ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ 1ʄ ʨʘʩʪʚʦʨ ʩʦʣʠ NaPF6 ʚ ʩʤʝʩʠ ʕʂ ʠ ʇʂ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʙʳʣ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ, ʘ ʵʣʝʢʪʨʦʣʠʪʦʤ ʩʣʫʞʠʣ 1ʄ ʨʘʩʪʚʦʨ ʩʦʣʠ LiPF6 ʚ 

ʕʂ ʠ ɼʄʂ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ Na3V2(PO4)3 ʩʦʩʪʘʚʣʷʝʪ 118 ʤɸʯ/ʛ, ʩʨʝʜʥʝʝ ʨʘʙʦʯʝʝ 

ʥʘʧʨʷʞʝʥʠʝ 3.4 ɺ ʦʪʥ. Na
+
/Na. 

ʅʘ ʨʠʩʫʥʢʝ 3.5 ʧʨʠʚʝʜʝʥʳ ʧʨʦʬʠʣʠ ʢʨʠʚʳʭ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ 

Na3V2(PO4)3 ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʸʤʢʦʩʪʠ ʚ ʥʘʪʨʠʝʚʦʡ (ʘ,ʙ) ʠ 

ʣʠʪʠʝʚʦʡ (ʚ,ʛ) ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʧʨʠ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ C/10 ʚ ʜʠʘʧʘʟʦʥʝ 

ʥʘʧʨʷʞʝʥʠʡ 2.5-4.0 ɺ. ʆʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʜʦʩʪʠʛʘʝʪ 100 ʤɸʯ/ʛ. ɺ 

ʩʣʫʯʘʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʥʘʪʨʠʝʚʦʡ ʷʯʝʡʢʝ ʥʘ ʧʨʦʬʠʣʷʭ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʪʦ ʚ ʦʙʣʘʩʪʠ 3.4 ɺ, ʫʢʘʟʳʚʘʶʱʝʝ ʥʘ ʜʚʫʭʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʨʝʘʢʮʠʠ 

(ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ. ʅʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘʙʣʶʜʘʝʤʦʤʫ ʧʣʘʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʠʥ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʡ ʧʠʢ, ʦʪʨʘʞʘʶʱʠʡ ʦʢʠʩʣʝʥʠʝ V
+3

 ʜʦ V
+4

. ʈʘʥʝʝ ʙʳʣʦ 
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ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʟʘʨʷʜʘ (ʠʟʚʣʝʯʝʥʠ ̫ʥʘʪʨʠʷ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ Na3V2(PO4)3 (ʧʨ. ʛʨ. 

R-3c)  NaV2(PO4)3 (ʧʨ. ʛʨ. R-3c), ʘ ʥʘ ʨʘʟʨʷʜʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʥʳʡ ʧʨʦʮʝʩʩ [142]. ɼʚʘ 

ʢʦʥʝʯʥʳʭ ʩʦʝʜʠʥʝʥʠʷ ʩʦʭʨʘʥʷʶʪ ʦʙʱʠʡ ʘʥʠʦʥʥʳʡ ʢʘʨʢʘʩ; ʦʩʥʦʚʥʦʝ ʨʘʟʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʟʠʮʠʷʭ ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ: ʚ ʠʩʭʦʜʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʠʦʥʳ Na
+
 ʟʘʥʠʤʘʶʪ ʜʚʝ ʧʦʟʠʮʠʠ M1 ʠ 

M2 (ʪʘʙʣ. 3.1), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ NaV2(PO4)3 ʠʦʥʳ Na
+
 ʟʘʥʠʤʘʶʪ ʪʦʣʴʢʦ ʧʦʟʠʮʠʠ M1. ʀʥʪʝʨʝʩʥʦ, 

ʯʪʦ ʟʘʩʝʣʸʥʥʦʩʪʴ ʧʦʟʠʮʠʠ M1 ʚ ʠʩʭʦʜʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.8, ʦʜʥʘʢʦ ʧʦʩʣʝ 

ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʜʚʫʭ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʩʦʝʜʠʥʝʥʠʠ NaV2(PO4)3 ʟʘʩʝʣʸʥʥʦʩʪʴ ʧʦʟʠʮʠʠ M1 ʙʣʠʟʢʘ ʢ 

ʝʜʠʥʠʮʝ [142]. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʜʚʠʞʥʦʩʪʴ ʠʦʥʦʚ ʥʘʪʨʠʷ ʚ ʧʦʟʠʮʠʠ M2 ʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ Na
+
 ʠʟ M2 ʚ M1 ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ [142].  
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ʈʠʩʫʥʦʢ 3.5. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʧʨʦʬʠʣʠ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 (ʘ, ʚ) ʚ ʥʘʪʨʠʝʚʦʡ (ʘ, ʙ) ʠ 

ʣʠʪʠʝʚʦʡ (ʚ, ʛ) ʷʯʝʡʢʘʭ ʠ ʟʘʚʠʩʠʤʦʩʪʴ dQ/dV (ʙ, ʛ) ʜʣʷ ʧʝʨʚʳʭ ʯʝʪʳʨʸʭ ʮʠʢʣʦʚ. 

ʇʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʥʘ ʧʝʨʚʦʤ ʟʘʨʷʜʝ 

ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʩʤʝʰʘʥʥʦʛʦ Na/Li  ʵʣʝʢʪʨʦʣʠʪʘ ʟʘ ʩʯʸʪ ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʥʘʪʨʠʷ 

ʠʟ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʵʣʝʢʪʨʦʣʠʪ, ʧʦʵʪʦʤʫ ʧʦʜʦʙʥʳʝ ʩʠʩʪʝʤʳ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʩʤʝʰʘʥʥʦ-

ʠʦʥʥʳʤʠ ʠʣʠ ʛʠʙʨʠʜʥʳʤʠ. ʌʦʨʤʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ ʚ 

ʮʝʣʦʤ ʩʦʚʧʘʜʘʝʪ ʩ ʢʨʠʚʦʡ, ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʧʦʣʥʦʩʪʴʶ ʥʘʪʨʠʝʚʦʡ ʩʠʩʪʝʤʝ. ʇʦʣʦʞʝʥʠʝ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʠʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʣʘʪʦ ʥʘ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʡ 

ʢʨʠʚʦʡ, ʪʝʧʝʨʴ ʩʤʝʱʝʥʦ ʥʘ ~0.3 ɺ ʚʳʰʝ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʥʠʮʝ ʤʝʞʫ ʧʦʪʝʥʮʠʘʣʘʤʠ ʧʘʨ 

Na
+
/Na (-2.7 ɺ ʦʪʥ. ʉɺʕ) ʠ Li

+
/Li  (-3 ɺ ʦʪʥ. ʉɺʕ). ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ ʥʝʙʦʣʴʰʠʝ ʜʦʙʘʚʦʯʥʳʝ ʧʠʢʠ 

ʥʘ ʢʨʠʚʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʝʤʢʦʩʪʠ. ʇʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʚ ʥʘʪʨʠʝʚʳʭ ʷʯʝʡʢʘʭ ʙʳʣ ʨʘʥʝʝ 

ʦʪʥʝʩʝʥ ʢ ʜʚʠʞʝʥʠʶ ʠʦʥʦʚ Na
+
 ʤʝʞʜʫ ʧʦʟʠʮʠʷʤʠ ʄ2 ʠ M1 [143]. ɹʦʣʝʝ ʪʦʛʦ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ 



75 
 

 

[46], ʯʪʦ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ ʧʨʦʠʩʭʦʜʠʪ Na
+
/Li

+
 ʦʙʤʝʥ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ Li 2NaV2(PO4)3 ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʦʙʨʘʪʠʤʳʤ ʧʝʨʝʭʦʜʦʤ Li 2NaV2(PO4)3 ᵮ 

NaV2(PO4)3 ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʟʘ ʩʯʝʪ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʷʚʣʝʥʠʝ ʥʠʟʢʦʠʥʪʝʥʩʠʚʥʦʛʦ ʜʦʙʘʚʦʯʥʦʛʦ ʧʠʢʘ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʚ ʣʠʪʠʝʚʦʡ 

ʷʯʝʡʢʝ ʤʦʞʝʪ ʦʪʨʘʞʘʪʴ ʢʦʥʢʫʨʠʨʫʶʱʝʡ ʧʨʦʮʝʩʩ Na
+
/Li

+
 ʠʥʪʝʨʢʘʣʷʮʠʠ ʠ ʧʝʨʝʥʦʩ ʠʦʥʦʚ ʤʝʞʜʫ 

ʧʦʟʠʮʠʷʤʠ M1 ʠ M2. ʉʪʦʠʪ ʦʜʥʘʢʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʧʠʢʠ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʝ ʤʝʥʷʶʪ ʩʚʦʝʛʦ ʧʦʣʦʞʝʥʠʷ ʠ 

ʬʦʨʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʮʠʢʣʘ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʦʣʥʦʡ ʦʙʨʘʪʠʤʦʩʪʠ ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʠ 

ʦʪʩʫʪʩʪʚʠʠ ʧʦʙʦʯʥʳʭ ʨʝʘʢʮʠʡ.  

3.1.5 ʉʤʝʰʘʥʥʳʝ ʩʦʩʪʘʚ r(Na,Li)3V2(PO4)3  

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ Na3V2(PO4)3 ʚ ʷʯʝʡʢʝ ʩ ʣʠʪʠʝʚʳʤ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʦʤ ʠ 

ʣʠʪʠʝʚʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ Na
+
/Li

+
 ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ. ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʤ ʨʘʩʪʚʦʨʝ ʣʠʪʠʝʚʦʡ ʩʦʣʠ ʠʟ Na3V2(PO4)3 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ, ʧʦ ʨʘʟʥʳʤ ʠʩʪʦʯʥʠʢʘʤ, ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʦʚ Li 2NaV2(PO4)3 (ʧʨ. ʛʨ. R-3ʩ) [41, 

45] ʠ Li 3V2(PO4)3 (ʧʨ. ʛʨ. R-3) [43, 44]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʧʨʦʜʫʢʪʳ, 

ʦʙʨʘʟʫʶʱʠʝʩʷ ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ 

ʣɻʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʪʘʢ ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ.  

ʅʘ ʨʠʩʫʥʢʝ 3.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘ ʨʘʟʨʷʜʝ ʚ 

ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ ʧʦʩʣʝ 20 ʮʠʢʣʦʚ (3) ʠ ʧʨʠ 

ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ Na3V2(PO4)3 ʚ ʨʘʩʪʚʦʨʝ LiBr ʚ ʥ-ʙʫʪʘʥʦʣʝ (2) ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʜʠʬʨʘʢʪʦʛʨʘʤʤʦʡ ʠʩʭʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (1).  
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ʈʠʩʫʥʦʢ 3.6. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ 

ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ (3), ʧʨʠ ʭʠʤʠʯʝʩʢʦʤ ʠʦʥʥʦʤ Na
+
/Li

+
 ʦʙʤʝʥʝ (2) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʩʭʦʜʥʳʤ (1). 



76 
 

 

ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʨʘʟʨʷʞʝʥʥʦʛʦ ʦʙʨʘʟʮʘ Na3V2(PO4)3 ʧʦʩʣʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʦʣʥʦʩʪʴʶ 

ʩʦʚʧʘʜʘʝʪ ʩ ʢʘʨʪʦʯʢʦʡ PDF ˉ 000-54ī0736 ʩʦʝʜʠʥʝʥʠʷ çLi 2NaV2(PO4)3è, ʧʨʠ ʵʪʦʤ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʣʘʙʳʝ ʨʝʬʣʝʢʩʳ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ NaVP2O7. ʆʙʨʘʟʝʮ, ʧʦʣʫʯʝʥʥʳʡ ʭʠʤʠʯʝʩʢʠʤ 

ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ ʪʨʝʭ ʬʘʟ: çLi 2NaV2(PO4)3è (PDF ˉ 000-54ī0736) ʚ 

ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʡ ʬʘʟʳ, ʩʦʚʧʘʜʘʶʱʝʡ ʩ ʧʨʦʜʫʢʪʦʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʙʤʝʥʘ, ʘ ʪʘʢʞʝ 

Na3V2(PO4)3 ʠ NaVP2O7. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ, ʯʪʦ ʭʠʤʠʯʝʩʢʠʡ ʠʦʥʥʳʡ 

ʦʙʤʝʥ ʙʳʣ ʦʩʫʱʝʩʪʚʣʸʥ ʥʝ ʜʦ ʢʦʥʮʘ. ʆʙʳʯʥʦ, ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʭʠʤʠʯʝʩʢʦʛʦ 

ʠʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʨʫʢʪʫʨʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ 

Na3V2(PO4)3 ʩ ʧʨ. ʛʨ. R-3ʩ ʠ ʧʨʠʥʠʤʘʝʪʩʷ ʩʪʝʭʠʦʤʝʪʨʠʷ Li 2NaV2(PO4)3 [41, 45, 46], ʦʧʨʝʜʝʣʸʥʥʘʷ 

ʚ ʨʘʙʦʪʝ [45] ʤʝʪʦʜʦʤ ʘʪʦʤʥʦʡ ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ.  

ʅʝʩʤʦʪʨʷ ʥʘ ʩʦʚʧʘʜʝʥʠʝ ʧʦʣʫʯʝʥʥʦʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʦʡ Li 2NaV2(PO4)3 (PDF ˉ 000-54ī0736), ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ 

R-3ʩ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʥʦʩʪʴʶ ʦʧʠʩʘʪʴ ʚʩʝ ʥʘʙʣʶʜʘʝʤʳʝ ʨʝʬʣʝʢʩʳ (ʨʠʩ. 3.7). ɺʠʜʥʦ, ʯʪʦ 

ʨʝʬʣʝʢʩʳ 003, 101 ʠ 303 ʥʝ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʧʨ. ʛʨ. R-3ʩ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩʫʥʦʢ 3.7. ʉʨʘʚʥʝʥʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʫʪʝʤ Na
+
/Li

+
 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʙʤʝʥʘ ʠʟ Na3V2(PO4)3  ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ (ʢʨʘʩʥʳʡ), ʩ PDF ʢʘʨʪʦʯʢʦʡ 

Li 2NaV2(PO4)3, ʧʦʣʫʯʝʥʥʦʛʦ ʭʠʤʠʯʝʩʢʠʤ ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ ʠʟ Na3V2(PO4)3  (ʯʸʨʥʳʡ). 

ʇʨʠʚʝʜʝʥʳ ʧʦʣʦʞʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʨʝʬʣʝʢʩʦʚ ʜʣʷ ʜʚʫʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʨʫʧʧ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ Na3V2(PO4)3. 

ʈʘʥʝʝ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

Li 3V2(PO4)3 (ʧʨ. ʛʨ. R-3) ʧʦʩʨʝʜʩʪʚʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʠʟ Na3V2(PO4)3 (ʧʨ. ʛʨ. R-3ʩ) 

[43, 44, 144], ʧʨʠʯʸʤ ʚʠʜ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠ ̫ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
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ʢʘʨʪʦʯʢʝ PDF ˉ 000-54ī0736, ʘ ʩʦʦʪʥʦʰʝʥʠʝ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʢ ʚʘʥʘʜʠʶ, ʦʧʨʝʜʝʣʸʥʥʦʝ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ, 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʩʪʝʭʠʦʤʝʪʨʠʠ Li2.82Na0.12V2(PO4)3 [43] ʠʣʠ Li2.83Na0.17V2(PO4)3 [44]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ ʷʩʥʳʤ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨ. ʛʨ. R-3 ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ 

ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʳʤ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ Na/V Ò 1/2. ɼʣʷ ʫʪʦʯʥʝʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨ. ʛʨ. R-3 ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʠʟʦʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

Li 3Fe2(PO4)3. ɺ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʠʦʥʳ d-ʤʝʪʘʣʣʘ (Fe ʠʣʠ V) ʟʘʥʠʤʘʶʪ 2 ʨʘʟʣʠʯʥʳʝ ʧʦʟʠʮʠʠ 6ʩ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʚʫʭ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʬʣʝʢʩʦʚ ʧʨʠ 11.7Á ʠ 12.9Á ʥʘ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ. ɸʪʦʤʳ Li ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʶ 18f, ʦʪʣʠʯʥʫʶ ʦʪ ʧʦʟʠʮʠʡ Na ʚ 

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʝ. ʆʩʪʘʚʰʠʝʩʷ ʘʪʦʤʳ ʥʘʪʨʠʷ ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʠ 3a ʠ 3b, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʦʟʠʮʠʷʤ 6b ʚ ʩʪʨʫʢʪʫʨʝ Na3V2(PO4)3 [44]. ʇʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪʩʷ ʘʥʠʦʥʥʳʡ ʢʘʨʢʘʩ, 

ʩʦʩʪʘʚʣʝʥʥʳʡ ʠʟ çʬʦʥʘʨʠʢʦʚè, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ NASICON. ʅʘ ʨʠʩʫʥʢʝ 3.8(ʘ) 

ʧʨʠʚʝʜʝʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʨʘʟʨʷʜʝ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 

ʚ ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʧʦʩʣʝ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ. ʅʘ 

ʨʠʩʫʥʢʝ 3.8(ʙ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʧʨʦʜʫʢʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʠʦʥʥʦʤ ʦʙʤʝʥʝ ʚ 

ʧʦʣʠʵʜʨʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩ ʧʨ. ʛʨ. R-3. 

 

ʈʠʩʫʥʦʢ 3.8. ʂʘʨʪʠʥʘ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ ʧʨ. 

ʛʨ. R-3 (ʘ) ʠ ʧʦʣʠʵʜʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʫʪʦʯʥʸʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʙ). 

ɺ ʪʘʙʣʠʮʝ 3.2 ʧʨʠʚʝʜʝʥʳ ʫʪʦʯʥʸʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʜʣʷ 

ʦʙʨʘʟʮʦʚ Na3V2(PO4)3 ʧʦʩʣʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. ʉʪʝʭʠʦʤʝʪʨʠʷ ʧʨʦʜʫʢʪʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ 

ʧʣʘʟʤʦʡ.  
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ʊʘʙʣʠʮʘ 3.2. ʋʪʦʯʥʸʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʙʨʘʟʮʦʚ Na3V2(PO4)3 ʧʦʩʣʝ 

ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ.  

ʆʙʨʘʟʝʮ ʇʨ. ʛʨ. a = b, ¡ c, ¡ V, ¡
3
 ʀʩʪʦʯʥʠʢ 

Na3V2(PO4)3 R-3c 8.732(1) 21.824(1) 1441(1) ʜʘʥʥʘʷ ʨʘʙʦʪʘ 

Na3V2(PO4)3 R-3c 8.642(3) 21.72(3) 1405(5) [45] 

Na3V2(PO4)3 R-3c 8.719(1) 21.789(1) 1435 [43] 

Na3V2(PO4)3 R-3c 8.744(0) 21.784(5) 1442 [144] 

ʇʦʩʣʝ ʵ/ʭ ʦʙʤʝʥʘ R-3 8.328(1) 22.529(1) 1353(1) ʜʘʥʥʘʷ ʨʘʙʦʪʘ 

ʇʦʩʣʝ ʭʠʤ. ʦʙʤʝʥʘ R-3 8.337(5) 22.480(2) 1353(1) ʜʘʥʥʘʷ ʨʘʙʦʪʘ 

Li 1.98Na1.02V2(PO4)3 R-3c 8.325(2) 22.491(6) 1350(2) [45] 

Li 2.82Na0.12V2(PO4)3 R-3 8.316(1) 22.484(1) 1347 [43] 

Li 2.83Na0.17V2(PO4)3 R-3 8.329 22.518 1353 [44] 

Li 3V2(PO4)3 R-3 8.317(3) 22.450(1) 1345 [144] 

ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ a 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʘʨʷʜʫ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ ʩ. ʊʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʷʟʳʚʘʶʪ ʩ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʦʪʪʘʣʢʠʚʘʥʠʷ ʤʝʞʜʫ ʦʢʪʘʵʜʨʘʤʠ VO6, ʚʦʟʥʠʢʘʶʱʝʛʦ ʟʘ 

ʩʯʝʪ ʫʜʘʣʝʥʠʷ ʠʦʥʘ ʥʘʪʨʠʷ ʠʟ ʧʦʟʠʮʠʠ 6b. ʇʨʠ ʵʪʦʤ ʦʙʱʠʡ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ 4-6%, ʯʪʦ ʦʪʨʘʞʘʝʪ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʥʘʪʨʠʷ (r(Na
+
) = 1.02 ¡) ʥʘ ʠʦʥʳ ʣʠʪʠʷ ʩ 

ʤʝʥʴʰʠʤ ʨʘʜʠʫʩʦʤ (r(Li
+
) = 0.76 ¡). ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʫʪʸʤ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ, ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʜʫʢʪʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʙʤʝʥʘ: ʧʘʨʘʤʝʪʨ ʘ ʯʫʪʴ ʤʝʥʴʰʝ, ʧʘʨʘʤʝʪʨ ʩ ï 

ʙʦʣʴʰʝ. ʋʯʠʪʳʚʘʷ ʦʙʱʫʶ ʪʝʥʜʝʥʮʠʶ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʭʠʤʠʯʝʩʢʦʤ ʠʦʥʥʦʤ 

ʦʙʤʝʥʝ ʚ ʧʨʦʜʫʢʪʝ ʦʩʪʘʝʪʩʷ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʪʨʠʷ. ʅʘ ʤʝʥʴʰʫʶ ʩʪʝʧʝʥʴ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʠ ʠʩʭʦʜʥʦʛʦ Na3V2(PO4)3. ʆʜʥʘʢʦ ʚ ʣʶʙʦʤ ʩʣʫʯʘʝ 

ʩʪʝʧʝʥʴ ʦʙʤʝʥʘ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʘ ʠ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 95 

ʤʦʣ. %. ʋʯʠʪʳʚʘʷ ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʝʡ, ʦʧʨʝʜʝʣʠʪʴ ʪʦʯʥʦʝ ʩʦʦʪʥʦʰʝʥʠʷ Na/V ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʘʭ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ, ʥʦ ʩʦʚʧʘʜʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʸʪʢʠ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʪʝʧʝʥʴ ʟʘʤʝʱʝʥʠʷ ʥʘʪʨʠʷ ʥʘ ʣʠʪʠʡ ʚ ʧʨʝʜʝʣʘʭ 67-95 ʤʦʣ. %. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʕɼʉ (ʨʠʩ. 3.9) ʤʦʣʴʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʥʘʪʨʠʷ ʢ ʚʘʥʘʜʠʶ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ Na/V = 1.8(1), ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ Na/V = 1.5. ʇʨʠʯʠʥʦʡ ʪʘʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʥʘʣʠʯʠʝ 
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ʧʨʠʤʝʩʝʡ ʠ ʥʝʢʦʨʨʝʢʪʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʠʙʦʨʦʤ ʣʸʛʢʠʭ ʘʪʦʤʦʚ: 
16

O, 
12
C. ʆʪʥʦʰʝʥʠʝ Na/V ʚ 

ʦʙʨʘʟʮʝ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ, ʢʘʢ ʫʞʝ ʦʙʩʫʞʜʘʣʦʩʴ ʨʘʥʝʝ, ʚ 

ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʦʪ ~0.1 ʜʣʷ Li2.83Na0.17V2(PO4)3 ʜʦ ~0.5 ʜʣʷ Li 1.98Na1.02V2(PO4)3. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʕɼʉ ʚ ʦʙʨʘʟʮʝ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʩʦʦʪʥʦʰʝʥʠʝ Na/V = 

0.81(5). ʋʯʠʪʳʚʘʷ ʟʘʚʳʰʝʥʠʝ ʨʝʟʫʣʴʪʘʪʘ ʚ ʩʣʫʯʘʝ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ, ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʠ 

ʥʘʩʪʦʷʱʝʝ ʟʥʘʯʝʥʠʝ ʙʫʜʝʪ ʠʤʝʪʴ ʩʭʦʞʝʝ ʦʪʢʣʦʥʝʥʠʝ.  

 

ʈʠʩʫʥʦʢ 3.9. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʩʧʝʢʪʨ ʠʩʭʦʜʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (ʘ) ʠ ʧʨʦʜʫʢʪʘ ʭʠʤʠʯʝʩʢʦʛʦ 

ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ (ʙ).  

ʈʘʟʥʠʮʘ ʤʝʞʜʫ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʪʨʠʷ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ ʠ ʦʙʨʘʟʮʝ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʜʣʷ ʩʣʫʯʘʷ ʟʘʤʝʱʝʥʠʷ 2ʭ ʠʦʥʦʚ ʥʘʪʨʠʷ ʥʘ ʠʦʥʳ ʣʠʪʠʷ ʠ ʧʝʨʝʭʦʜʘ 

ʦʪ Na3V2(PO4)3 (Na/V = 1.5) ʢ Li 2NaV2(PO4)3 (Na/V = 0.5). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʥʠʤʘʷ ʚʦ 

ʚʥʠʤʘʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ 

ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ 

ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʩʦʝʜʠʥʝʥʠʝ, ʩ ʩʦʩʪʘʚʦʤ, ʙʣʠʟʢʠʤ ʢ 

Li 2NaV2(PO4)3. 

3.1.6 ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (Na,Li)3V2(PO4)3 

ʅʘ ʨʠʩʫʥʢʝ 3.10 ʧʨʠʚʝʜʝʥʳ ʧʨʦʬʠʣʠ ʢʨʠʚʳʭ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʚ 

ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʩʦʝʜʠʥʝʥʠʷ (Na,Li )3V2(PO4)3, ʧʦʣʫʯʝʥʥʦʛʦ ʭʠʤʠʯʝʩʢʠʤ 



80 
 

 

ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʝʤʢʦʩʪʠ (ʩʢʦʨʦʩʪʴ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ï C/5, ʜʠʘʧʘʟʦʥ ʥʘʧʨʷʞʝʥʠʡ ï 2.5 ï 4.0 ɺ). ʆʙʨʘʪʠʤʘʷ ʫʜʝʣʴʥʘʷ ʸʤʢʦʩʪʴ 

ʜʦʩʪʠʛʘʝʪ 110 ʤɸʯ/ʛ, ʯʪʦ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʠʩʭʦʜʥʦʛʦ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʳʭ ʠ ʥʘʪʨʠʝʚʳʭ 

ʷʯʝʡʢʘʭ. ʅʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʡ ʧʠʢ. ʅʘʣʠʯʠʝ ʦʜʥʦʛʦ ʆɺ ʧʠʢʘ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʧʦʩʪʝʧʝʥʥʦʛʦ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ Na
+
/Li

+
 ʦʙʤʝʥʘ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʚʝʩʴ çʧʦʜʚʠʞʥʳʡè 

ʥʘʪʨʠʡ ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘʤʝʥʸʥ ʥʘ ʣʠʪʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʦʛʦ ʦʙʤʝʥʘ. ʇʦʣʦʞʝʥʠʝ 

ʜʘʥʥʦʛʦ ʧʠʢʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʶ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʦʛʦ ʧʠʢʘ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ 

ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʠ ʠʩʭʦʜʥʦʛʦ Na3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ (ʨʠʩʫʥʦʢ 3.5ʚ,ʛ) ʠ, ʧʦ-

ʚʠʜʠʤʦʤʫ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʜʚʫʭ ʪʠʧʦʚ ʠʦʥʦʚ (Na
+
 ʠ Li

+
) ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʝ ʠʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʤ ʥʘʧʨʷʞʝʥʠʠ, ʘ ʧʦʩʪʝʧʝʥʥʦ 

ʫʚʝʣʠʯʠʚʘʶʱʘʷʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʦʤʝʨʘ ʮʠʢʣʘ ʦʪʨʘʞʘʝʪ ʨʘʩʪʫʱʫʶ 

ʩʪʝʧʝʥʴ Na
+
/Li

+
 ʦʙʤʝʥʘ ʚ ʠʩʭʦʜʥʦʤ Na3V2(PO4)3.  
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ʈʠʩʫʥʦʢ 3.10. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʧʨʦʬʠʣʠ (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 

ʸʤʢʦʩʪʠ (ʙ) ʧʝʨʚʳʭ ʜʚʫʭ ʮʠʢʣʦʚ (Na,Li)3V2(PO4)3 ʚ ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ. 

3.1.7 ʎʠʢʣʠʨʦʚʘʥʠʝ Na3V2(PO4)3 ʚ ʧʦʣʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʥʦ ʠ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʩʦ ʩʨʝʜʥʠʤ ʨʘʙʦʯʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 1.6 ɺ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʸʤʢʦʩʪʴʶ 59 ʤɸʯ/ʛ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʨʢʘʣʷʮʠʠ ʦʜʥʦʛʦ ʠʦʥʘ 

ʥʘʪʨʠʷ ʠ ʧʝʨʝʭʦʜʫ Na3V2(PO4)3  Na4V2(PO4)3 [33, 36]. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ 

ʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʩʠʤʤʝʪʨʠʯʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʷʯʝʡʢʠ, ʛʜʝ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ʚʳʩʪʫʧʘʝʪ 

ʦʜʥʦ ʠ ʪʦ ʞʝ ʩʦʝʜʠʥʝʥʠʝ, ʯʪʦ ʤʦʛʣʦ ʙʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʪʴ ʠ ʫʜʝʰʝʚʠʪʴ ʧʨʦʠʟʚʦʜʩʪʚʦ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ. ʅʘ ʨʠʩʫʥʢʝ 3.11ʘ ʧʨʠʚʝʜʝʥʳ ʧʨʦʬʠʣʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʩʠʤʤʝʪʨʠʯʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʢʘʪʦʜʘ ʠ ʘʥʦʜʘ ʚʳʩʪʫʧʘʝʪ 

Na3V2(PO4)3, ʘ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ï ʨʘʩʪʚʦʨ NaPF6 ʚ ʩʤʝʩʠ ʕʂ ʩ ʇʂ.  
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ʈʠʩʫʥʦʢ 3.11. ʇʨʦʬʠʣʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʦʣʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ 

ʩ Na3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʠ ʢʘʪʦʜʘ ʠ ʵʣʝʢʪʨʦʣʠʪʦʤ ʥʘ ʦʩʥʦʚʝ NaPF6 (ʘ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʸʤʢʦʩʪʠ (ʙ) ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʦʪ ʥʦʤʝʨʘ ʮʠʢʣʘ (ʚ). 

ɿʥʘʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʨʘʟʥʠʮʝ ʧʦʪʝʥʮʠʘʣʦʚ ʢʘʪʦʜʥʦʡ ʠ 

ʘʥʦʜʥʦʡ ʨʝʘʢʮʠʠ, ʧʦʣʫʯʠʚ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʥʘʯʝʥʠʝ 1.8 ɺ ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ʷʯʝʡʢʠ, ʯʪʦ 

ʩʦʚʧʘʜʘʝʪ ʩ ʥʘʙʣʶʜʘʝʤʳʤ ʥʘ ʧʨʘʢʪʠʢʝ, ʩʢʦʨʦʩʪʴ ʮʠʢʣʠʨʦʚʘʥʠʷ ʫʩʪʘʥʘʚʣʠʚʘʣʠ C/10, ʜʠʘʧʘʟʦʥ 

ʮʠʢʣʠʨʦʚʘʥʠʷ 0.5 ï 1.85 ɺ. ʆʙʨʘʪʠʤʘʷ ʨʘʟʨʷʜʥʘʷ ʸʤʢʦʩʪʴ ʚʪʦʨʦʛʦ ʮʠʢʣʘ ʩʦʩʪʘʚʠʣʘ 46 ʤɸʯ/ʛ, 

ʧʘʜʝʥʠʝ ʸʤʢʦʩʪʠ ʩʦʩʪʘʚʠʣʦ 8% ʧʦʩʣʝ ʜʚʘʜʮʘʪʠ ʮʠʢʣʦʚ (ʨʠʩ. 3.11ʚ). ɺʠʜ ʥʘʙʣʶʜʘʝʤʦʡ 

ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʠ ʜʦʩʪʠʛʘʝʤʘʷ ʸʤʢʦʩʪʴ ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʜʘʥʥʦʡ 

ʢʦʥʩʪʨʫʢʮʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ [32, 145].  

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʦʪ ʬʘʢʪ, ʯʪʦ Na3V2(PO4)3 ʭʦʨʦʰʦ ʮʠʢʣʠʨʫʝʪ ʢʘʢ ʚ ʥʘʪʨʠʝʚʳʭ, 

ʪʘʢ ʠ ʚ ʣʠʪʠʝʚʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ, ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʧʨʦʪʝʩʪʠʨʦʚʘʪʴ ʩʤʝʰʘʥʥʦ-

ʠʦʥʥʳʝ ʧʦʣʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʷʯʝʡʢʠ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. ʊʘʢ, ʥʘ ʨʠʩʫʥʢʝ 3.12ʘ, ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʧʨʦʬʠʣʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʢʣʠʨʦʚʘʥʠʷ ʧʦʣʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ, ʚ ʢʦʪʦʨʳʭ ʚ 

ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʚʳʩʪʫʧʘʝʪ Na3V2(PO4)3, ʘ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ ï Li 3V2(PO4)3. Li 3V2(PO4)3 ʙʳʣ 

ʧʦʣʫʯʝʥ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ, ʘʥʘʣʦʛʠʯʥʦ 

 ʙ 

ʚ 

ʘ 
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ʤʝʪʦʜʫ ʧʦʣʫʯʝʥʠʷ Na3V2(PO4)3. ʇʨʦʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʷʚʣʷʝʪʩʷ ʤʦʥʦʢʣʠʥʥʘ ̫ ʤʦʜʠʬʠʢʘʮʠ ̫

Li 3V2(PO4)3 ʩ ʧʨ. ʛʨ. P21/n. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʣʠʪʠʷ, ʘʥʘʣʦʛʠʯʥʦ ʥʘʪʨʠʝʚʦʤʫ 

ʩʦʝʜʠʥʝʥʠʶ, ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʢʘʢ ʢʘʪʦʜʥʦʛʦ, ʪʘʢ ʠ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [146], 

ʦʜʥʘʢʦ ʚ ʚʳʩʦʢʦʚʦʣʴʪʦʚʦʡ ʦʙʣʘʩʪʠ ʝʛʦ ʩʨʝʜʥʝʝ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ (~3.8 ɺ ʦʪʥ. Li
+
/Li ) 

ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʫ Na3V2(PO4)3. ʇʦʵʪʦʤʫ ʙʳʣʦ ʨʝʰʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ ʚ 

ʧʦʣʥʦʡ ʷʯʝʡʢʝ ʩ ʘʥʦʜʦʤ ʠʟ Na3V2(PO4)3. ɹʦʣʝʝ ʪʦʛʦ, Li 3V2(PO4)3 ʩʧʦʩʦʙʝʥ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʢʘʪʦʜʘ ʚ ʥʘʪʨʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ (ʨʠʩ. 3.12ʚ) ʟʘ ʩʯʝʪ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ 

ʠʦʥʦʚ ʥʘʪʨʠʷ, ʦʜʥʘʢʦ ʵʪʘ ʝʛʦ ʦʩʦʙʝʥʥʦʩʪʴ ʨʘʥʝʝ ʥʝ ʠʟʫʯʘʣʘʩʴ.  
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ʈʠʩʫʥʦʢ 3.12. ʇʨʦʬʠʣʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʦʣʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ 

ʩ Na3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʠ Li 3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ ʩ ʥʘʪʨʠʝʚʳʤ (ʘ) ʠ ʣʠʪʠʝʚʳʤ (ʙ) 

ʵʣʝʢʪʨʦʣʠʪʦʤ. ɿʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʝ ʢʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Li 3V2(PO4)3 ʚ ʥʘʪʨʠʝʚʦʡ ʷʯʝʡʢʝ (ʚ). 

ɿʥʘʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʨʘʟʥʠʮʝ ʧʦʪʝʥʮʠʘʣʦʚ ʢʘʪʦʜʥʦʡ ʠ 

ʘʥʦʜʥʦʡ ʨʝʘʢʮʠʠ, ʯʪʦ ʩʦʩʪʘʚʠʣʦ 2.2 ɺ, ʩʢʦʨʦʩʪʴ ʮʠʢʣʠʨʦʚʘʥʠʷ ʫʩʪʘʥʘʚʣʠʚʘʣʠ C/10, ʜʠʘʧʘʟʦʥ 

ʮʠʢʣʠʨʦʚʘʥʠʷ 1.0 ï 2.6 ɺ. ɺ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʣʠ ʵʣʝʢʪʨʦʣʠʪʘ ʬʦʨʤʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ 

ʢʨʠʚʳʭ ʦʩʪʘʸʪʩʷ ʦʜʠʥʘʢʦʚʦʡ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦ ʧʣʘʪʦ (ʨʠʩ. 13.12ʘ, ʙ). ʅʝʦʙʨʘʪʠʤʘʷ ʧʦʪʝʨʷ 

ʸʤʢʦʩʪʠ ʥʘ ʧʝʨʚʦʤ ʟʘʨʷʜʝ, ʩʚʷʟʘʥʥʘʷ ʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ, ʚ 
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ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʦʩʪʘʚʠʣʘ 36 ʤɸʯ/ʛ, ʘ ʦʙʨʘʪʠʤʘʷ ʨʘʟʨʷʜʥʘʷ ʸʤʢʦʩʪʴ, ʚ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ 

ʵʣʝʢʪʨʦʣʠʪʘ ʩʦʩʪʘʚʠʣʘ 50 ʤɸʯ/ʛ. ʀʥʪʝʨʢʘʣʷʮʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʥʘʧʨʷʞʝʥʠʷʭ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʚ ʧʦʚʳʰʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʧʣʘʪʦ ʥʘ 0.16 ɺ ʥʘ ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʭ 

ʢʨʠʚʳʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʣʝʢʪʨʦʣʠʪʘ ʥʘ ʦʩʥʦʚʝ LiPF6. ɹʦʣʝʝ ʪʦʛʦ, ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʪʘʢʠʭ 

ʩʤʝʰʘʥʥʦ-ʠʦʥʥʳʭ ʩʠʩʪʝʤ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ (ʥʘ 0.4 ʠ 0.56 ɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ 

ʥʘʪʨʠʝʚʦʛʦ ʠ ʣʠʪʠʝʚʦʛʦ ʵʣʝʢʪʨʦʣʠʪʦʚ) ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʧʦʣʥʦʩʪʴʶ ʥʘʪʨʠʝʚʦʡ 

ʩʠʤʤʝʪʨʠʯʥʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ (ʨʠʩ. 3.11) ʧʨʠ ʪʦʤ ʞʝ ʟʥʘʯʝʥʠʠ ʦʙʨʘʪʠʤʦʡ 

ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ.  

ʅʘʩʪʦʷʱʠʝ ʧʨʠʤʝʨʳ ʠʣʣʶʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʠ ʫʩʧʝʰʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʤʝʰʘʥʥʦ-ʠʦʥʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʚ ʢʦʪʦʨʳʭ ʨʦʜʩʪʚʝʥʥʳʝ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʩʤʝʰʘʥʥʦ-ʠʦʥʥʳʝ 

ʩʠʩʪʝʤʳ ʠʥʪʝʨʝʩʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚ ʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʠʥʪʝʨʢʘʣʷʮʠʠ ʨʘʟʥʳʭ ʪʠʧʦʚ ʠʦʥʦʚ.  

ɿʘʢʣʶʯʝʥʠʝ ʢ ʨʘʟʜʝʣʫ 3.1 

ʌʦʩʬʘʪ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʩ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ Na3V2(PO4)3 ʤʦʞʝʪ ʙʳʪʴ ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʢʘʢ ʜʣʷ ʥʘʪʨʠʡ-ʠʦʥʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʟʥʘʯʝʥʠʷ ʦʙʨʘʪʠʤʦʡ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ.  

ʇʦ ʜʘʥʥʳʤ ex situ ʈʌɸ ʦʙʥʘʨʫʞʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Na3V2(PO4)3 ʚ 

ʣʠʪʠʝʚʦʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʝ ʥʦʚʦʡ ʩʤʝʰʘʥʥʦʡ ʬʘʟʳ (Li ,Na)3V2(PO4)3, ʘʥʘʣʦʛʠʯʥʦʡ 

ʧʨʦʜʫʢʪʫ Na
+
/Li

+
 ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʛʨʫʧʧʳ R-3c ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʜʫʢʪʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ 

ʦʙʤʝʥʘ ʷʚʣʷʝʪʩʷ ʦʰʠʙʦʯʥʳʤ; ʙʦʣʝʝ ʚʝʨʥʳʤ ʷʚʣʷʝʪʩʷ ʦʧʠʩʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨ. ʛʨ. R-3. 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩʤʝʰʘʥʥʳʭ ʬʘʟ ʙʳʣʘ ʫʪʦʯʥʝʥʘ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ; ʧʨʦʚʝʜʝʥʦ 

ʩʨʘʚʥʝʥʠʝ ʫʪʦʯʥʸʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʕɼʉ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʦʙʨʘʟʫʶʱʠʝʩʷ ʬʘʟʳ ʙʣʠʟʢʠ ʧʦ ʩʦʩʪʘʚʫ ʢ 

Li 2NaV2(PO4)3. Li 2NaV2(PO4)3, ʧʦʣʫʯʝʥʥʳʡ ʭʠʤʠʯʝʩʢʠʤ ʠʦʥʥʳʤ ʦʙʤʝʥʦʤ, ʧʨʦʷʚʣʷʝʪ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʣʠʪʠʝʚʦʡ ʷʯʝʡʢʝ, ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʨʢʘʣʷʮʠʷ ʪʦʣʴʢʦ 

ʠʦʥʦʚ ʣʠʪʠʷ.  

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ Na3V2(PO4)3 ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʠ 

ʩʦʟʜʘʥʠʷ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʩʠʤʤʝʪʨʠʯʥʳʭ ʠ ʧʦʣʥʳʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ.   
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3.2 Na3V2(PO4)2F3 

3.2.1 ʉʠʥʪʝʟ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʘʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʧʦʣʫʯʘʣʠ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʨʝʘʛʝʥʪʦʚ ʚ ʜʚʝ ʩʪʘʜʠʠ. ʅʘ ʧʝʨʚʦʡ 

ʩʪʘʜʠʠ ʧʦʣʫʯʘʣʠ ʬʦʩʬʘʪ ʚʘʥʘʜʠʷ VPO4 ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʠʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ V2O5 ʚ ʩʤʝʩʠ ʩ 

(NH4)2HPO4, ʘ ʟʘʪʝʤ ʧʨʦʚʦʜʠʣʠ ʨʝʘʢʮʠʶ ʩ ʬʪʦʨʠʜʦʤ ʥʘʪʨʠʷ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ 

ʧʨʦʜʫʢʪʘ. ɺʣʠʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʥʘ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʧʦʣʫʯʝʥʠʷ 

Na3V2(PO4)2F3 ʦʪʨʘʞʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 3.13, ʥʘ ʢʦʪʦʨʦʤ ʧʨʠʚʝʜʝʥʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʩʣʝ ʦʪʞʠʛʘ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (1), ʧʦʩʣʝ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʜʦ ʦʪʞʠʛʘ (2) ʠ ʧʦʩʣʝ ʦʪʞʠʛʘ (3). ʆʪʞʠʛ ʄɸ ʩʤʝʩʝʡ ʧʨʦʚʦʜʠʣʠ ʚ 

ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ: ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650Áʉ ʚ ʪʦʢʝ ʘʨʛʦʥʘ. 
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ʈʠʩʫʥʦʢ 3.13. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʦʜʫʢʪʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ: (1) ï

ʦʪʞʠʛ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ ʙʝʟ ʄɸ, (2) ï ʩʤʝʩʴ ʨʝʘʛʝʥʪʦʚ ʧʦʩʣʝ ʄɸ, (3) ï ʦʪʞʠʛ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ 

ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ, ʠʩʪʦʯʥʠʢ ʚʘʥʘʜʠʷ ï VPO4, (4) ï ʦʪʞʠʛ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ, 

ʠʩʪʦʯʥʠʢ ʚʘʥʘʜʠʷ ï V2O5. 

ʀʟ ʜʠʬʨʘʢʪʦʛʨʘʤʤ,r ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 3.13(1), ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʪʞʠʛʘ ʙʝʟ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʄɸ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 
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VPO4 (PDF ˉ 010-76-2023) ʠ NaF (PDF ˉ 000-36-1455), ʧʨʠ ʵʪʦʤ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʥʘʣʠʯʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʥʠʟʢʦʠʥʪʝʥʩʠʚʥʳʭ ʨʝʬʣʝʢʩʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ Na3V2(PO4)2F3 (PDF ˉ 040-12-

2207), ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʥʘʯʘʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʨʝʘʛʝʥʪʘʤʠ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʨʝʤʝʥʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳʜʝʨʞʢʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʟʘʚʝʨʰʝʥʠʷ ʜʘʥʥʦʡ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ.  

ʇʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ (ʨʠʩ. 3.13(2)) ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʦʜʥʘʢʦ ʧʦʩʣʝ ʦʪʞʠʛʘ ʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ (ʨʠʩ. 3.13(3)) 

ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʬʘʟʥʳʡ ʭʦʨʦʰʦ ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʡ ʮʝʣʝʚʦʡ ʧʨʦʜʫʢʪ 

Na3V2(PO4)2F3, ʠʥʜʝʢʩʠʨʫʝʤʳʡ ʚ ʧʨ. ʛʨ. P42/mnm. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ 

ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʝʘʛʝʥʪʦʚ ʚ ʪʚʸʨʜʦʡ 

ʬʘʟʝ, ʘ ʝʸ ʧʨʠʤʝʥʝʥʠʝ ʷʚʣʷʝʪʩʷ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ. ʕʬʬʝʢʪ ʄɸ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʥʢʦʤ ʩʤʝʝhʥʠʠ 

ʨʝʘʛʝʥʪʦʚ, ʠʟʤʝʣʴʯʝʥʠʠ ʯʘʩʪʠʮ, ʠʩʢʘʞʝʥʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʨʝʘʛʝʥʪʦʚ, ʩʦʟʜʘʥʠʠ 

ʥʦʚʳʭ ʘʢʪʠʚʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʫʩʢʦʨʝʥʠʶ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ [147]. 

ɹr ʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ Na3V2(PO4)2F3 ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʠʟ 

ʯʝʪʳʨʸʭʢʦʤʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ ʧʦ ʨʝʘʢʮʠʠ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ (ʨʠʩ. 3.13(4)):  

3NaF + (V2O5 + 2C) + 2(NH4)2HPO4  Na3V2(PO4)2F3 + 4NH3 +2CO + 3H2O 

ʉʤʝʩʴ ʨʝʘʛʝʥʪʦʚ ʧʦʜʚʝʨʛʘʣʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʚ ʪʝʭ ʞʝ 

ʫʩʣʦʚʠʷʭ, ʯʪʦ ʠ ʚ ʧʨʝʜʳʜʫʱʠʭ ʩʣʫʯʘʷʭ. ʉʫʜʷ ʧʦ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ, ʧʦʣʫʯʘʝʤʳʡ ʧʨʦʜʫʢʪ 

ʩʦʜʝʨʞʠʪ, ʧʦʤʠʤʦ Na3V2(PO4)2F3, ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʝʡ, ʪʘʢʠʭ ʢʘʢ Na3V2(PO4)3 

(PDF ˉ 010-78-7289), V2O3 (PDF ˉ 000-34-0187), Na3PO4 (PDF ˉ 040-09-5232). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʜʥʦʩʪʘʜʠʡʥʳʡ ʪʚʝʨʜʦʬʘʟʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʥʘʪʨʠʷ ʥʝ ʧʨʠʚʦʜʠʪ 

ʢ ʧʦʣʫʯʝʥʠʶ ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʨʝʘʢʮʠʠ 

ʤʝʞʜʫ ʪʚʸʨʜʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʧʨʦʠʩʭʦʜʷʪ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʜʚʫʭ ʪʚʝʨʜʳʭ ʬʘʟ. ʏʝʤ ʙʦʣʴʰʝ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʩʤʝʩʠ, ʪʝʤ ʙʦʣʴʰʝ ʩʫʱʝʩʪʚʫʝʪ ʨʘʟʥʦʨʦʜʥʳʭ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʜʚʫʤʷ 

ʨʘʟʣʠʯʥʳʤʠ ʨʝʘʛʝʥʪʘʤʠ, ʯʪʦ ʦʱʫʪʠʤʦ ʟʘʪʨʫʜʥʷʝʪ ʧʦʣʫʯʝʥʠʝ ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ. 

ʉʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʢʝ, ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟ ʩ ʥʘʠʤʝʥʴʰʝʡ ʵʥʝʨʛʠʝʡ ɻʠʙʙʩʘ ʜʦʣʞʥʦ 

ʧʨʦʠʩʭʦʜʠʪʴ c ʙʦʣʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʴʶ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʘʚʠʣʦ ʩʪʫʧʝʥʯʘʪʳʭ ʧʝʨʝʭʦʜʦʚ 

ʆʩʪʚʘʣʴʜʘ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʥʝ ʬʘʟʘ ʩ ʥʘʠʤʝʥʴʰʝʡ 

ʵʥʝʨʛʠʝʡ ɻʠʙʙʩʘ, ʘ ʬʘʟʘ, ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘʨʦʜʳʰʝʡ ʢʦʪʦʨʦʡ ʪʨʝʙʫʝʪʩʷ ʧʨʝʦʜʦʣʝʪʴ ʩʘʤʳʡ 

ʥʠʟʢʠʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ [147]. ʀʟʫʯʝʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʘʢʮʠʡ 

ʧʦʣʫʯʝʥʠʷ Na3V2(PO4)2F3 ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ, ʦʜʥʘʢʦ ʝʩʪʴ ʥʝʢʦʪʦʨʳʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʜʘʥʥʳʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʪʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʝʘʛʝʥʪʦʚ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ Li 3V2(PO4)3 [148] ʠ LiVPO4F [149]. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʦʜʥʦʩʪʘʜʠʡʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʠʟ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʤʝʩʝʡ: LiNO3/LiF + NH4VO3 + 

(NH4)2HPO4 + H2C2O4, ʘ ʪʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʝʘʛʝʥʪʦʚ ʧʨʦʠʩʭʦʜʠʣʦ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ 
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ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʪʘʜʠʡ. ɿʥʘʯʝʥʠʝ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ (Ea) ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʜʣʷ ʦʙʝʠʭ ʩʠʩʪʝʤ ʠ ʩʦʩʪʘʚʠʣʦ 200.9 ʢɼʞ/ʤʦʣʴ ʜʣʷ 

Li 3V2(PO4)3 ʠ 208.9 ʢɼʞ/ʤʦʣʴ ʜʣʷ LiVPO4F. ʂʘʢ ʚʠʜʥʦ, ʟʥʘʯʝʥʠʷ Ea ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʦʙʝʠʭ 

ʬʘʟ ʙʣʠʟʢʠ, ʦʜʥʘʢʦ ʧʨʠ ʩʠʥʪʝʟʝ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʣʠʪʠʷ LiVPO4F ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʩʪʝʧʝʥʠ ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʤʝʩʠ Li 3V2(PO4)3, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ 

ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʧʨʦʮʝʩʩʘʭ ʦʙʨʘʟʦʚʘʥʠʷ ʬʦʩʬʘʪʘ ʠ ʬʪʦʨʠʜ-ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ(III )-ʣʠʪʠʷ ʚ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ. ɺ ʨʘʙʦʪʝ [149] ʘʚʪʦʨʘʤ ʫʜʘʣʦʩʴ ʧʦʚʳʩʠʪʴ ʚʳʭʦʜ LiVPO4F ʧʨʠ 

ʦʜʥʦʩʪʘʜʠʡʥʦʤ ʪʚʝʨʜʦʬʘʟʥʦʤ ʩʠʥʪʝʟʝ ʜʦ 96% ʨʝʛʫʣʠʨʫʷ ʪʝʤʧʝʨʘʪʫʨʫ ʦʪʞʠʛʘ, ʦʜʥʘʢʦ 

ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ ʪʘʢ ʠ ʥʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ. ʉʭʦʞʘʷ ʩʠʪʫʘʮʠʷ ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʠ ʩʠʥʪʝʟʝ 

ʬʪʦʨʠʜ-ʬʦʩʬʘʪʘ ʢʦʙʘʣʴʪʘ(III )-ʣʠʪʠʷ Li 2CoPO4F [150]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʠʝ ʬʪʦʨʠʜ-

ʬʦʩʬʘʪʦʚ ʦʜʥʦʩʪʘʜʠʡʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘʪʠʯʥʳʤ ʠ ʥʝ ʧʦʜʭʦʜʠʪ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ.  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ NaF ʠ VPO4 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Na3V2(PO4)2F3 ʧʨʦʠʩʭʦʜʠʪ ʧʦ 

ʧʨʠʥʮʠʧʫ çDimensional reductionè [151] ʠʣʠ çʫʤʝʥʴʰʝʥʠ ̫ ʨʘʟʤʝʨʥʦʩʪʠè. ɼʘʥʥʳʡ ʧʨʠʥʮʠʧ 

ʦʧʠʩʳʚʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʚʘʣʝʥʪʥʦʛʦ ʧʨʝʢʫʨʩʦʨʘ (ʥʘʧʨʠʤʝʨ, VPO4 ʩ ʧʨ. ʛʨ. Cmcm), 

ʦʙʣʘʜʘʶʱʝʛʦ ʦʧʨʝʜʝʣʸʥʥʳʤ ʢʘʨʢʘʩʦʤ ʠ ʪʠʧʦʤ ʩʦʯʣʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʪʠʚʦʚ, ʩ ʠʦʥʥʳʤ 

ʘʛʝʥʪʦʤ (ʥʘʧʨʠʤʝʨ, NaF ʩ ʧʨ. ʛʨ. Fm-3m). ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʫʝʪʩʷ ʧʨʦʜʫʢʪ ʩ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʴʶ 

ʘʩʩʦʮʠʘʮʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʪʠʚʦʚ, ʯʝʤ ʚ ʢʦʚʘʣʝʥʪʥʦʤ ʧʨʝʢʫʨʩʦʨʝ. ʅʘ ʨʠʩʫʥʢʝ 3.14 ʧʨʠʚʝʜʝʥʳ 

ʩʪʨʫʢʪʫʨʳ ʢʦʚʘʣʝʥʪʥʦʛʦ ʧʨʝʢʫʨʩʦʨʘ (ʘ) ʠ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ (ʙ). ʂʘʨʢʘʩ ʬʦʩʬʘʪʘ ʚʘʥʘʜʠʷ, 

ʦʙʨʘʟʦʚʘʥ ʦʢʪʘʵʜʨʘʤʠ VO6, ʩʦʝʜʠʥʝʥʥʳʤʠ ʤʝʞʜʫ ʩʦʙʦʡ ʨʸʙʨʘʤʠ ʚ ʮʝʧʦʯʢʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ 

ʩ, ʮʝʧʦʯʢʠ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʦʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ ʯʝʨʝʟ ʚʝʨʰʠʥʳ ʪʝʪʨʘʵʜʨʦʚ PO4. ɺ 

ʩʪʨʫʢʪʫʨʝ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ Na3V2(PO4)2F3 ʦʢʪʘʵʜʨʳ ʚʘʥʘʜʠʷ VO4F2. ɺ ʧʫʩʪʦʪʘʭ ʨʘʩʧʦʣʘʛʘʶʪʩʷ 

ʠʦʥʳ Na
+
, ʟʘʥʠʤʘʶʱʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʜʚʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ 8i: Na1 ʠ Na2, ʧʨʠʯʝʤ 

ʧʦʟʠʮʠʷ Na1 ʟʘʩʝʣʝʥʘ ʧʦʣʥʦʩʪʴʶ, ʘ ʧʦʟʠʮʠʷ Na2 ʣʠʰʴ ʥʘ İ.  

 

ʈʠʩʫʥʦʢ 3.14. ʇʦʣʠʵʜʨʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ VPO4(ʘ) ʠ Na3V2(PO4)2F3 (ʙ)  

ʘ ʙ 
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ʉʪʨʫʢʪʫʨʘ Na3V2(PO4)2F3 ʪʨʘʜʠʮʠʦʥʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʧʨ. ʛʨ. P42/mnm, ʦʜʥʘʢʦ ʘʚʪʦʨ r

ʨʘʙʦʪʳ [65] ʧʨʝʜʣʦʞʠʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʨʫʛʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ 

ʛʨʫʧʧʫ ï Amam. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʪʘʢʦʝ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʝ ʠʩʢʘʞʝʥʠʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʫʪʦʯʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ Na3V2(PO4)2F3 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʝʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʦʙʝʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʛʨʫʧʧʘʭ. ʅʘ ʨʠʩʫʥʢʝ 3.15 ʧʨʠʚʝʜʝʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ Na3V2(PO4)2F3 ʧʦʩʣʝ 

ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨ. ʛʨ. P42/mnm (ʘ) ʠ Amam (ʙ). ʂʘʢ ʚʠʜʥʦ, ʦʙʝ ʤʦʜʝʣʠ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ.  

 

ʈʠʩʫʥʦʢ 3.15. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ Na3V2(PO4)2F3 ʧʦʩʣʝ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʛʨʫʧʧʝ P42/mnm (ʘ) ʠ Amam (ʙ). ʅʘ ʚʩʪʘʚʢʝ ï ʧʨʠʙʣʠʞʝʥʠʝ ʤʘʣʦʫʛʣʦʚʦʡ ʦʙʣʘʩʪʠ. 

ɺ ʪʘʙʣʠʮʝ 3.3 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ Na3V2(PO4)2F3, 

ʫʪʦʯʥʸʥʥʳʝ ʚ ʦʙʝʠʭ ʧʨ. ʛʨ., ʠ ʬʘʢʪʦʨʳ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʫʪʦʯʥʝʥʠʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ. ʉʫʜʷ ʧʦ ʨʘʩʩʯʠʪʘʥʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʠ ʬʘʢʪʦʨʘʤ GOF ʠ Rwp, ʦʧʠʩʘʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʝʩʢʦʣʴʢʦ ʣʫʯʰʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʧʨ. ʛʨ. 

Amam ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʯʪʦ ʥʝʫʜʠʚʠʪʝʣʴʥʦ, ʫʯʠʪʳʚʘʷ ʝʸ ʙʦʣʝʝ ʥʠʟʢʫʶ ʩʠʤʤʝʪʨʠʶ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʧʨ. ʛʨ. P42/mnm. ʆʨʪʦʨʦʤʙʠʯʝʩʢʦʝ ʠʩʢʘʞʝʥʠʝ ʧʨʠ ʫʪʦʯʥʝʥʠʠ ʚ 

ʧʨ. ʛʨ. Amam ʩʦʩʪʘʚʠʣʦ b/a ~ 1.002, ʯʪʦ ʩʦʚʧʘʜʘʝʪ ʩ ʜʘʥʥʳʤʠ ʨʘʙʦʪʳ [65]. ʆʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʠ ʧʘʨʘʤʝʪʨ ʩ ʦʢʘʟʳʚʘʶʪʩʷ ʦʜʠʥʘʢʦʚʳʤʠ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʧʨʠʚʝʜʥyʥʳʝ ʚ ʨʘʙʦʪʘʭ [65] 

ʠ [62], ʦʜʥʘʢʦ ʠʟ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʜʘʥʥʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʚ ʨʘʟʥʳʭ ʠʩʪʦʯʥʠʢʘʭ. ɹʦʣʝʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʦʪʨʘʞʘʶʪ ʩʪʝʧʝʥʴ ʦʢʠʩʣʝʥʠʷ ʚʘʥʘʜʠʷ [112]: ʯʝʤ ʥʠʞʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ, ʪʝʤ ʙʦʣʴʰʝ ʚʝʨʦʷʪʥʦʩʪʴ ʯʘʩʪʠʯʥʦʛʦ ʦʢʠʩʣʝʥʠʷ V
+3

 ʜʦ V
+4

 (ʊʘʙʣ. 1.3), ʧʨʠ ʵʪʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʬʪʦʨʘ ʚ ʧʦʟʠʮʠʠ F2 ʥʘ ʢʠʩʣʦʨʦʜ, ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

ʩʤʝʰʘʥʦ-ʚʘʣʝʥʪʥʳʭ ʬʘʟ Na3V2Oŭ(PO4)2F3-ŭ (0 Ò ŭ Ò 2). ʀʩʭʦʜʷ ʠʟ ʨʘʩʩʯʠʪʘʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ 








































































































