
ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ 

ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʤʝʭʘʥʦʭʠʤʠʠ ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

 

 

 

ʎʳʜʳʧʳʣʦʚ ɼʤʠʪʨʠʡ ɿʦʨʠʛʪʦʝʚʠʯ 

 

 

 

ʉʀʅʊɽɿ, ʉʊʈʋʂʊʋʈɸ ʀ ʕʃɽʂʊʈʆʍʀʄʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 

ʅʀʆɹʀʁʉʆɼɽʈɾɸʑʀʍ ɸʅʆɼʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ɼʃʗ ʃʀʊʀʁ-ʀʆʅʅʓʍ 

ɸʂʂʋʄʋʃʗʊʆʈʆɺ 

 

 

1.4.15. ʍʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ ʢʘʥʜʠʜʘʪʘ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ 

 

 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ 

ɼʦʢʪʦʨ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ 

ʂʦʩʦʚʘ ʅʠʥʘ ɺʘʩʠʣʴʝʚʥʘ 
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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɿʘʛʨʷʟʥʝʥʠʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʢʨʠʟʠʩ, ʚʦʟʥʠʢʰʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʦʪʨʝʙʣʝʥʠʷ ʠʩʢʦʧʘʝʤʦʛʦ ʪʦʧʣʠʚʘ, ʩʪʘʣʠ ʩʝʨʴʝʟʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʜʣʷ ʯʝʣʦʚʝʯʝʩʪʚʘ, ʚʳʥʫʞʜʘʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʟʦʙʥʦʚʣʷʝʤʳʝ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ (ʥʘʧʨʠʤʝʨ, ʩʦʣʥʝʯʥʫʶ, ʚʝʪʨʦʚʫʶ ʠ 

ʛʠʜʨʦʵʥʝʨʛʠʶ), ʢʦʪʦʨʳʝ ʥʝʧʦʩʪʦʷʥʥʳ ʚʦ ʚʨʝʤʝʥʠ ʠ ʪʨʝʙʫʶʪ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʳʭ, 

ʙʝʟʦʧʘʩʥʳʭ ʠ ʩʪʘʙʠʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ [1]. ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʥʘʢʦʧʠʪʝʣʝʡ 

ʵʥʝʨʛʠʠ ʣʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ (ʃʀɸ) ʩʪʘʣʠ ʦʙʲʝʢʪʦʤ ʠʥʪʝʥʩʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [2] ʩ 

ʤʦʤʝʥʪʘ ʠʭ ʧʝʨʚʦʡ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ ʚ 1991 ʛʦʜʫ [3]. C ʨʘʟʚʠʪʠʝʤ ʵʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʘ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʃʀɸ ʥʝ ʤʦʛʫʪ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʨʘʩʪʫʱʠʝ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʣʦʪʥʦʩʪʷʭ 

ʵʥʝʨʛʠʠ ʠ ʤʦʱʥʦʩʪʷʭ, ʙʦʣʝʝ ʜʣʠʪʝʣʴʥʳʡ ʩʨʦʢ ʩʣʫʞʙʳ ʠ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʙʝʟʦʧʘʩʥʦʩʪʠ [3]. 

ʉʚʦʡʩʪʚʘ ʃʀɸ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʷʪ ʦʪ ʩʚʦʡʩʪʚ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʪʘʢʠʤ ʪʨʝʙʦʚʘʥʠʷʤ ʢʘʢ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʦʥʦʚ ʣʠʪʠʷ, ʚʳʩʦʢʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʠ ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʩʪʨʫʢʪʫʨʥʘʷ 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ ʦʙʨʘʪʠʤʦʡ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʚʳʩʦʢʫʶ 

ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ, ʤʦʱʥʦʩʪʴ ʠ ʩʨʦʢ ʩʣʫʞʙʳ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʇʦʪʝʥʮʠʘʣ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ ʵʣʝʢʪʨʦʜʘ ʜʦʣʞʝʥ ʙʳʪʴ ʚ ʧʨʝʜʝʣʘʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʥʘ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʣʝʢʪʨʦʣʠʪʘ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʵʣʝʢʪʨʦʜ ʚʩʪʫʧʘʝʪ ʚ ʨʝʘʢʮʠʶ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʣʦʷ ʪʚʝʨʜʦʵʣʝʢʪʨʦʣʠʪʥʦʡ ʠʥʪʝʨʬʘʟʳ (solid electrolyte interface, SEI), ʢʦʪʦʨʘʷ 

ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʝʛʦ ʮʠʢʣʠʨʫʝʤʦʩʪʠ. ɺ ʢʦʤʤʝʨʯʝʩʢʠʭ ʃʀɸ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʘ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʪʩʷ ʛʨʘʬʠʪ ʩ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ 372 ʤɸʯ ʛ-1. ʇʦʩʢʦʣʴʢʫ ʧʦʪʝʥʮʠʘʣ 

ʛʨʘʬʠʪʘ ʥʠʞʝ 1 ɺ ʦʪʥ. Li+/Li, ʪʦ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʦʥ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ, 

ʦʙʨʘʟʫʷ ʩʣʦʡ SEI, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʮʠʢʣʠʨʫʝʤʦʩʪʠ ʘʥʦʜʘ [4]. ʂʨʦʤʝ ʪʦʛʦ, ʛʨʘʬʠʪ 

ʥʝ ʩʧʦʩʦʙʝʥ ʨʘʙʦʪʘʪʴ ʧʨʠ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʷʭ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʵʣʝʢʪʨʦʤʦʙʠʣʷʭ [5]. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʦʢʩʠʜʥʳʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʪʝʥʮʠʘʣʦʤ 

ʚʳʰʝ 1 ɺ ʦʪʥ. Li+/Li. ʉʨʝʜʠ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣ ʢʦʤʤʝʨʮʠʘʣʠʟʦʚʘʥ ʪʠʪʘʥʘʪ ʣʠʪʠʷ Li4Ti5O12 ʩ 

ʧʦʪʝʥʮʠʘʣʦʤ 1,55 ɺ ʦʪʥ. Li+/Li  [6]. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ Li4Ti5O12 ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ (175 ʤɸʯ ʛ-1). ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʥʘ ʟʘʤʝʥʫ Li4Ti5O12 

ʷʚʣʷʶʪʩʷ ʩʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʥʠʦʙʠʷ (TiNb2O7, Ti2Nb10O29, FeNb11O29 ʠ ʜʨ.), ʢʦʪʦʨʳʝ ʚʳʙʨʘʥʳ ʚ 

ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ ʜʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʩʦʩʪʘʚʣʷʝʪ 388ï400 ʤɸʯ ʛ-1, ʯʪʦ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʝʤʢʦʩʪʴ Li 4Ti5O12 ʠ ʩʨʘʚʥʠʤʦ ʩ 

ʛʨʘʬʠʪʦʤ. ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ ʟʘ ʩʯʝʪ 
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ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ Nb5+/Nb3+, ʢʦʪʦʨʳʡ ʨʝʘʣʠʟʫʝʪʩʷ 

ʧʨʠ ʵʣʝʢʪʨʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ 1,3ï1,6 ɺ ʦʪʥ. Li+/Li.  

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ TiNb2O7 ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʝʱʝ ʚ 2011 ʛʦʜʫ 

[7, 8]. ɺʧʦʩʣʝʜʩʪʚʠʠ ʩʪʘʣʠ ʠʟʚʝʩʪʥʳ ʜʨʫʛʠʝ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʥʠʦʙʠʡʩʦʜʝʨʞʘʱʠʭ 

ʩʦʝʜʠʥʝʥʠʡ [9, 10]. ɺʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʦʪʜʘʶʪ ʧʨʝʜʧʦʯʪʝʥʠʝ ʨʘʩʪʚʦʨʥʳʤ ʤʝʪʦʜʘʤ ʩʠʥʪʝʟʘ 

(ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ, ʟʦʣʴ-ʛʝʣʴ) [11 13], ʢʦʪʦʨʳʝ ʪʨʫʜʥʦ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʠ ʚʥʝʜʨʠʪʴ ʚ 

ʧʨʦʠʟʚʦʜʩʪʚʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʧʨʝʥʝʙʨʝʛʘʶʪ, ʦʪʤʝʯʘʷ ʚ ʢʘʯʝʩʪʚʝ 

ʥʝʜʦʩʪʘʪʢʦʚ ʜʣʠʪʝʣʴʥʦʩʪʴ, ʪʨʝʙʦʚʘʥʠʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʝʦʧʪʠʤʘʣʴʥʫʶ ʤʦʨʬʦʣʦʛʠʶ 

ʯʘʩʪʠʮ [12]. ʇʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʮʝʣʴʶ 

ʩʦʢʨʘʪʠʪʴ ʜʣʠʪʝʣʴʥʦʩʪʴ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʤʦʨʬʦʣʦʛʠʶ ʧʦʣʫʯʘʝʤʦʛʦ 

ʧʨʦʜʫʢʪʘ. 

ʅʠʦʙʠʡʩʦʜʝʨʞʘʱʠʝ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʝ ʣʠʰʝʥʳ ʥʝʜʦʩʪʘʪʢʦʚ (ʥʠʟʢʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ), ʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʠʚʘʶʪ ʠʭ ʤʦʱʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʧʦʵʪʦʤʫ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʠʟʚʝʩʪʥʦ ʤʥʦʞʝʩʪʚʦ ʨʘʙʦʪ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʠʭ ʦʧʪʠʤʠʟʘʮʠʶ [9, 11 13]. ʆʩʥʦʚʥʳʝ ʩʪʨʘʪʝʛʠʠ 

ʫʣʫʯʰʝʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʤʧʦʟʠʪʦʚ ʩ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʯʘʩʪʠʯʥʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʠ ʜʦʧʠʨʦʚʘʥʠʠ [9, 11, 13, 14]. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʠʟʚʝʩʪʥʳ ʨʘʙʦʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʢʘʪʠʦʥʦʚ (V5+, Ru4+, Cu2+, Cr3+, Mo6+) 

ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʘʥʪʦʚ ʜʣʷ TiNb2O7 [9, 13]. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʩʣʝʜʦʚʘʥ ʩʣʫʯʘʡ ʜʦʧʠʨʦʚʘʥʠʷ TiNb2O7 

ʢʘʪʠʦʥʘʤʠ V5+ [15, 16], ʥʦ ʧʨʠ ʵʪʦʤ ʩʨʘʚʥʝʥʠʝ ʧʦʜʨʝʰʝʪʦʢ (Ti ʠʣʠ Nb) ʜʣʷ ʢʘʪʠʦʥʥʦʛʦ ʟʘʤʝʱʝʥʠʷ 

V5+ ʥʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ. ɺ ʩʣʫʯʘʝ Ti2Nb10O29 ʚʦʟʤʦʞʥʦ ʧʦʣʥʦʝ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʪʠʪʘʥʘ ʜʨʫʛʠʤʠ 

ʢʘʪʠʦʥʘʤʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʘʷ ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʥʘʧʨʠʤʝʨ, FeNb11O29, 

CrNb11O29, AlNb11O29, Mg2Nb34O87, Cu2Nb34O87, Ni2Nb34O87, GaNb11O29 [10, 14]. ʀʟʚʝʩʪʥʘ ʨʘʙʦʪʘ 

[17], ʛʜʝ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʧʨʝʚʦʩʭʦʜʩʪʚʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Fe0,67Ti0,67Nb10,67O29 ʥʘʜ 

Ti2Nb10O29 ʠ FeNb11O29, ʧʨʠ ʵʪʦʤ ʟʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʩʦʩʪʘʚʦʚ FexTi2-

2xNb10+xO29 ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʘ ʥʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʥʠʦʙʠʡʩʦʜʝʨʞʘʱʠʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʤʧʣʝʢʩʥʦʝ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʭ ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ 

ʧʦʠʩʢ ʧʫʪʝʡ ʠʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ɼʦʩʪʠʞʝʥʠʝ ʮʝʣʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʰʝʥʠʷ ʩʣʝʜʫʶʱʠʭ ʟʘʜʘʯ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʢʠ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ TiNb2O7, 

Ti2Nb10O29 ʠ FeNb11O29; 

2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʦʨʬʦʣʦʛʠʠ ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ; 
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3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ TiNb2O7, Ti2Nb10O29 ʠ FeNb11O29 ʧʨʠ 

ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ; 

4. ʀʟʫʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ TiNb2O7, Ti2Nb10O29 ʠ FeNb11O29 ʫʛʣʝʨʦʜʦʤ 

ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʤʦʱʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ; 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʧʨʠʨʦʜʳ ʢʘʪʠʦʥʥʦʡ ʧʦʜʨʝʰʝʪʢʠ TiNb2O7 ʜʣʷ ʜʦʧʠʨʦʚʘʥʠʷ 

ʘʪʦʤʘʤʠ V5+ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ; 

6. ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʩʦʩʪʘʚʦʚ FexTi2-2xNb10+xO29 ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

1. ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʘʥʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ TiNb2O7, Ti2Nb10O29 ʠ FeNb11O29, ʢʦʪʦʨʳʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʛʦ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʤʝʪʦʜʘ ʫʤʝʥʴʰʝʥʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ (4 ʯʘʩʘ ʚʤʝʩʪʦ 1224 ʯʘʩʦʚ). 

2. ʇʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ TiNb2O7/ʉ, Ti2Nb10O29/ʉ ʠ 

FeNb11O29/ʉ ʧʫʪʝʤ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʯʠʩʪʦʛʦ ʧʨʦʜʫʢʪʘ ʩ ʫʛʣʝʨʦʜʥʦʡ ʩʘʞʝʡ ʚ ʧʣʘʥʝʪʘʨʥʦʡ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ. 

3. ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʧʨʠʨʦʜʳ ʜʚʫʭ ʧʦʜʨʝʰʝʪʦʢ 

TiNb2O7 ʜʣʷ ʜʦʧʠʨʦʚʘʥʠʷ ʘʪʦʤʘʤʠ V5+ (Ti1-xVxNb2O7, TiNb2-xVxO7) ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʚ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʣʫʯʰʝʥʠʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʜʦʩʪʠʛʘʝʪʩʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ Ti1-xVxNb2O7, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʩʣʫʯʘʝ TiNb2-xVxO7 ʜʦʧʠʨʦʚʘʥʠʝ 

ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

4. ʀʩʩʣʝʜʦʚʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʷʜʘ ʩʦʩʪʘʚʦʚ FexTi2-2xNb10+xO29 ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʩʪʘʚʳ ʜʝʤʦʥʩʪʨʠʨʫʪʁ ʙʦʣʝʝ ʣʫʯʰʠʝ 

ʤʦʱʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ti2Nb10O29 ʠ FeNb11O29. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʝ ʜʨʫʛʠʭ ʥʠʦʙʠʡʩʦʜʝʨʞʘʱʠʭ ʘʥʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʈʘʟʨʘʙʦʪʘʥʳ ʫʩʣʦʚʠʷ ʤʝʭʘʥʠʯʝʩʢʠ ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ 

ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ TiNb2O7, Ti2Nb10O29 ʠ FeNb11O29. ɺʳʷʚʣʝʥʳ ʧʫʪʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʫʢʘʟʘʥʥʳʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʠʭ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʠʦʙʠʡʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʘʥʦʜʦʚ ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʶʯʘʣʘ ʚ ʩʝʙʷ ʵʪʘʧʳ ʧʦʣʫʯʝʥʠʷ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʢʦʤʧʣʝʢʩʥʦʝ ʠʟʫʯʝʥʠʝ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠ 
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ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ, ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʝʛʦ ʩʝʙʷ ʢʘʢ 

ʧʨʦʩʪʦʡ, ʙʳʩʪʨʳʡ ʠ ʵʬʬʝʢʪʠʚʥʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʚʨʝʤʷ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ 

ʩʠʥʪʝʟʦʤ. ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʦʜʚʝʨʛʘʣʠ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʶ ʩ ʫʛʣʝʨʦʜʦʤ ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʫ ʧʦʣʫʯʝʥʥʳʭ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩ ʫʪʦʯʥʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ, ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʛʨʘʥʫʣʦʤʝʪʨʠʠ, 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʠ ʤʝʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɸʥʘʣʠʟ ʧʫʪʝʡ ʤʠʛʨʘʮʠʠ ʠʦʥʦʚ 

ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʘʭ TiNb2O7 ʠ FexTi2-2xNb10+xO29 ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʚʘʣʝʥʪʥʳʭ 

ʫʩʠʣʠʡ ʩʚʟ̫ʠ. ɺʦʟʤʦʞʥʳʝ ʤʝʞʜʦʫʟʝʣʴʥʳʝ ʧʦʟʠʮʠʠ ʘʪʦʤʦʚ ʚʘʥʘʜʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ 

TiNb2O7 ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʨʘʟʙʠʝʥʠʷ ʥʘ ʧʦʣʠʵʜʨʳ ɺʦʨʦʥʦʛʦ-ɼʠʨʠʭʣʝ. ʆʮʝʥʢʘ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʳ ʠ ʨʘʩʯʝʪ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ TiNb2O7, ʜʦʧʠʨʦʚʘʥʥʦʛʦ V5+, ʧʨʦʚʦʜʠʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʙʳʣʠ 

ʠʟʫʯʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʦʚ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ ʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʧʨʝʨʳʚʠʩʪʦʛʦ ʪʠʪʨʦʚʘʥʠʷ. 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʉʦʝʜʠʥʝʥʠʷ TiNb2O7, Ti2Nb10O29 ʠ FeNb11O29 ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ 

ʩʠʥʪʝʟʘ ʫʤʝʥʴʰʝʥʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʪʞʠʛʘ (4 ʯʘʩʘ ʚʤʝʩʪʦ 1224 ʯʘʩʦʚ). 

2. ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʫʛʣʝʨʦʜʦʤ TiNb2O7/ʉ, Ti2Nb10O29/ʉ ʠ FeNb11O29/ʉ 

ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ. 

3. ɼʦʧʠʨʦʚʘʥʠʝ TiNb2O7 ʢʘʪʠʦʥʘʤʠ V5+ ʚ ʧʦʜʨʝʰʝʪʢʝ ʪʠʪʘʥʘ ʫʣʫʯʰʘʝʪ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʦʧʠʨʦʚʘʥʠʝ ʚ ʧʦʜʨʝʰʝʪʢʝ ʥʠʦʙʠʷ ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ 

ʥʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

4. ʇʨʦʤʝʞʫʪʦʯʥʳʡ ʩʦʩʪʘʚ Fe0,5TiNb10,5O29 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʣʫʯʰʠʝ ʤʦʱʥʦʩʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ti2Nb10O29 ʠ FeNb11O29. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʝʟʫʣʴʪʘʪʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʧʣʝʢʩʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʚʢʣʶʯʘʶʱʠʭ ʚ ʩʝʙʷ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, ʩʢʘʥʠʨʫʶʱʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ, 

ʛʨʘʥʫʣʦʤʝʪʨʠʶ, ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʫʶ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʩʧʝʢʪʨʦʩʢʦʧʠʶ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʤʝʩʩʙʘʫʵʨʦʚʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʝ 

ʮʠʢʣʠʨʦʚʘʥʠʝ ʠ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʝ ʧʨʝʨʳʚʠʩʪʦʝ ʪʠʪʨʦʚʘʥʠʝ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʤʝʪʦʜʦʤ 
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ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʘ çʎʝʦʣʠʪè 

ʄʅʀʎʊʄ ʧʨʠ ʉʘʤʘʨʩʢʦʤ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. ʇʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʦʚʨʝʤʝʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ ʥʘʜʝʞʥʳʝ ʤʝʪʦʜʠʢʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ ʜʘʥʥʳʝ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 10 ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 1 ʧʘʪʝʥʪ ʠ 4 ʩʪʘʪʴʠ ʚ 

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

Scopus. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʝʞʝʛʦʜʥʳʭ ʥʘʫʯʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʀʍʊʊʄ ʉʆ ʈɸʅ, ʘ ʪʘʢʞʝ ʥʘ 5 ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

1. VI International Conference çFundamental Bases of Mechanochemical Technologiesè 

(Novosibirsk, Russia, 2022), 

2. ɺʪʦʨʘʷ ʰʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ: ʧʨʦʮʝʩʩʳ, ʤʘʪʝʨʠʘʣʳ, 

ʪʝʭʥʦʣʦʛʠʠè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2022), 

3. VI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʊʝʦʨʠʷ ʠ ʧʨʘʢʪʠʢʘ ʩʦʚʨʝʤʝʥʥʳʭ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʩʪʚè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ, 2023), 

4. ʊʨʝʪʴʷ ʰʢʦʣʘ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ: ʧʨʦʮʝʩʩʳ, ʤʘʪʝʨʠʘʣʳ, 

ʪʝʭʥʦʣʦʛʠʠè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2023), 

5. IV ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɻʦʨʷʯʠʝ ʪʦʯʢʠ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ: ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷè (ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ, 2024). 

ɿʘ ʜʦʩʪʠʛʥʫʪʳʝ ʥʘʫʯʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ 2024 ʛʦʜʫ ʜʠʩʩʝʨʪʘʥʪʫ ʙʳʣʘ ʧʨʠʩʫʞʜʝʥʘ ʠʤʝʥʥʘʷ 

ʩʪʠʧʝʥʜʠʷ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʅʦʚʦʩʠʙʠʨʩʢʦʡ ʦʙʣʘʩʪʠ. 

ʈʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʛʦʩʟʘʜʘʥʠʷ çʇʦʠʩʢ ʠ ʨʘʟʨʘʙʦʪʢʘ ʵʣʝʢʪʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʤʝʪʘʣʣ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚè (ˉ ɽɻʀʉʋ ʅʀʆʂʊʈ 121032500072-3). 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʩʘʤʠʤ ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ɸʚʪʦʨʦʤ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥ r ʧʦʠʩʢ ʠ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʩʠʥʪʝʟ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʙʦʨʢʘ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ, ʠʟʫʯʝʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɸʚʪʦʨ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʟʘʥʠʤʘʣʩʷ ʫʪʦʯʥʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ, 

ʦʙʨʘʙʘʪʳʚʘʣ ʜʘʥʥʳʝ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ, ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʧʨʝʨʳʚʠʩʪʦʛʦ ʪʠʪʨʦʚʘʥʠʷ, ʧʨʦʚʦʜʠʣ ʘʥʘʣʠʟ ʧʫʪʝʡ ʤʠʛʨʘʮʠʠ ʣʠʪʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʚʘʣʝʥʪʥʳʭ ʫʩʠʣʠʡ ʩʚʷʟʠ. 
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ɿʘʧʠʩʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʚʳʧʦʣʥʝʥʳ ʢ.ʭ.ʥ. ɸ.ɺ. ʋʭʠʥʦʡ ʠ ʊ.ɸ. ɹʦʨʠʩʝʥʢʦ (ʀʍʊʊʄ ʉʆ 

ʈɸʅ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ). ɼʘʥʥʳʝ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʧʦʣʫʯʝʥʳ ʢ.ʭ.ʥ. ɸ.ɸ. ʄʘʪʚʠʝʥʢʦ ʠ ʢ.ʭ.ʥ. ɸ.ɸ. ʐʠʥʜʨʦʚʳʤ (ʀʍʊʊʄ ʉʆ ʈɸʅ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ). 

ɻʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʙʳʣ ʧʨʦʚʝʜʝʥ ɺ.ʈ. ʍʫʩʥʫʪʜʠʥʦʚʳʤ (ʀʍʊʊʄ ʉʆ ʈɸʅ, ʛ. 

ʅʦʚʦʩʠʙʠʨʩʢ). ʉʧʝʢʪʨʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʟʘʧʠʩʘʥʳ ʩʦʚʤʝʩʪʥʦ ʩ ʢ.ʭ.ʥ. 

ʂ.ɺ. ʄʠʱʝʥʢʦ (ʅɻʋ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ). ɿʘʧʠʩʴ ʤʝʩʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʨʦʚʝʜʝʥʘ ʚʝʜ. 

ʠʥʞʝʥʝʨʦʤ ʉ.ɸ. ʇʝʪʨʦʚʳʤ (ʀʍʊʊʄ ʉʆ ʈɸʅ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ). ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʤʝʪʦʜʘʤʠ 

ʧʦʣʠʵʜʨʦʚ ɺʦʨʦʥʦʛʦ-ɼʠʨʠʭʣʝ ʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚʳʧʦʣʥʝʥʳ ʩʦʪʨʫʜʥʠʢʘʤʠ 

ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ ʧʦ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ ʧʨʠ 

ʫʯʘʩʪʠʠ ʢ.ʬ.-ʤ.ʥ. ɸ.ɸ. ʂʘʙʘʥʦʚʘ, ʢ.ʭ.ʥ. ɽ.ɸ. ʄʦʨʭʦʚʦʡ (ʄʅʀʎʊʄ, ʛ. ʉʘʤʘʨʘ) ʠ ʂ.ʉ. ʆʭʦʪʥʠʢʦʚʘ 

(ʥʝʟʘʚʠʩʠʤʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴ, ʛ. ɺʘʨʰʘʚʘ, ʇʦʣʴʰʘ). 

ʆʙʩʫʞʜʝʥʠʝ ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʘʚʪʦʨʦʤ ʩʦʚʤʝʩʪʥʦ ʩ 

ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ ʩʦʘʚʪʦʨʘʤʠ ʧʫʙʣʠʢʘʮʠʡ. ɸʚʪʦʨ ʧʨʝʜʩʪʘʚʣʷʣ ʨʝʟʫʣʴʪʘʪʳ ʚ ʬʦʨʤʝ 

ʫʩʪʥʳʭ ʠ ʩʪʝʥʜʦʚʳʭ ʜʦʢʣʘʜʦʚ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʦʩʫʱʝʩʪʚʣʷʣ ʧʦʜʛʦʪʦʚʢʫ ʩʪʘʪʝʡ ʢ ʧʫʙʣʠʢʘʮʠʷʤ 

ʚ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʪʨʸʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨ,r 

ʩʦʜʝʨʞʘʱʝʛʦ 351 ʥʘʠʤʝʥʦʚʘʥʠʝ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 154 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 7 ʪʘʙʣʠʮ ʠ 95 

ʨʠʩʫʥʢʦʚ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʜʠʩʩʝʨʪʘʮʠʠ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ʜ.ʭ.ʥ. 

ʂʦʩʦʚʦʡ ʅʠʥʝ ɺʘʩʠʣʴʝʚʥʝ ʟʘ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯ ʠ ʧʦʤʦʱʴ ʚ ʥʘʧʠʩʘʥʠʠ ʧʫʙʣʠʢʘʮʠʡ. 

ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʢ.ʭ.ʥ. ʆ.ɸ. ʇʦʜʛʦʨʥʦʚʫ, ʢ.ʭ.ʥ. ɼ.ʆ. ʉʝʤʳʢʠʥʫ, ʢ.ʭ.ʥ. ɸ.ɸ. ʐʠʥʜʨʦʚʘ ʠ 

ʢ.ʭ.ʥ. ʂ.ɺ. ʄʠʱʝʥʢʦ ʟʘ ʧʦʤʦʱʴ ʚ ʧʦʩʪʘʥʦʚʢʝ ʠ ʧʨʦʚʝʜʝʥʠʠ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʧʨʦʜʫʢʪʠʚʥʳʝ ʦʙʩʫʞʜʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʤʦʨʘʣʴʥʫʶ ʧʦʜʜʝʨʞʢʫ. ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ 

ʩʦʪʨʫʜʥʠʢʘʤ ʀʍʊʊʄ ʉʆ ʈɸʅ ʢ.ʭ.ʥ. ɸ.ɺ. ʋʭʠʥʦʡ, ʊ.ɸ. ɹʦʨʠʩʝʥʢʦ, ʢ.ʭ.ʥ. ɸ.ɸ. ʄʘʪʚʠʝʥʢʦ, ɺ.ʈ. 

ʍʫʩʥʫʪʜʠʥʦʚʫ, ʉ.ɸ. ʇʝʪʨʦʚʫ ʟʘ ʧʦʤʦʱʴ ʚ ʧʦʩʪʘʥʦʚʢʝ ʠ ʧʨʦʚʝʜʝʥʠʠ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʆʪʜʝʣʴʥʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʢ.ʬ.-ʤ.ʥ. ɸ.ɸ. ʂʘʙʘʥʦʚʫ, ʢ.ʭ.ʥ. ɽ.ɸ. ʄʦʨʭʦʚʦʡ, ʂ.ʉ. 

ʆʭʦʪʥʠʢʦʚʫ ʟʘ ʧʦʤʦʱʴ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ, ʘ ʪʘʢʞʝ ʟʘ ʧʦʤʦʱʴ ʚ ʥʘʧʠʩʘʥʠʠ ʩʦʚʤʝʩʪʥʦʡ ʧʫʙʣʠʢʘʮʠʠ. 
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ɻʣʘʚʘ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʃʀɸ ʠ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʍʠʤʠʯʝʩʢʠʡ ʠʩʪʦʯʥʠʢ ʪʦʢʘ (ʍʀʊ) ï ʵʪʦ ʫʩʪʨʦʡʩʪʚʦ, ʚ ʢʦʪʦʨʦʤ ʵʥʝʨʛʠʷ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ [18]. ɺ ʦʩʥʦʚʫ ʍʀʊ ʚʭʦʜʷʪ ʢʘʪʦʜ, ʩʦʜʝʨʞʘʱʠʡ 

ʦʢʠʩʣʠʪʝʣʴ, ʘʥʦʜ, ʩʦʜʝʨʞʘʱʠʡ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ, ʵʣʝʢʪʨʦʣʠʪ ʠ ʩʝʧʘʨʘʪʦʨ, ʨʘʟʜʝʣʷʶʱʠʡ ʢʘʪʦʜ ʠ 

ʘʥʦʜ. ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʍʀʊ ʦʩʥʦʚʘʥ ʥʘ ʧʨʦʪʝʢʘʥʠʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʵʣʝʢʪʨʦʜʘʭ, ʤʝʞʜʫ 

ʢʦʪʦʨʳʤʠ ʧʦ ʚʥʝʰʥʝʡ ʮʝʧʠ ʠʜʝʪ ʧʦʪʦʢ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʩʣʫʯʘʝ ʘʢʢʫʤʫʣʷʪʦʨʘ ʵʪʠ ʭʠʤʠʯʝʩʢʠʝ 

ʨʝʘʢʮʠʠ ʷʚʣʷʶʪʩʷ ʦʙʨʘʪʠʤʳʤʠ, ʯʪʦ ʜʦʧʫʩʢʘʝʪ ʝʛʦ ʤʥʦʛʦʨʘʟʦʚʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ [18]. ɺ ʃʀɸ 

ʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʜʦʚ ʦʩʥʦʚʘʥʳ ʥʘ ʦʙʨʘʪʠʤʦʤ ʚʥʝʜʨʝʥʠʠ/ʵʢʩʪʨʘʢʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʫ 

ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʵʣʝʢʪʨʦʜʘ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ/ʦʢʠʩʣʝʥʠʝʤ ʵʣʝʤʝʥʪʘ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʧʘʨʳ. ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʤʦʞʥʦ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʪʴ ʥʘ ʧʨʠʤʝʨʝ 

ʪʠʧʠʯʥʦʛʦ ʃʀɸ ʩ ʢʘʪʦʜʦʤ ʥʘ ʦʩʥʦʚʝ LiCoO2 ʠ ʛʨʘʬʠʪʦʚʳʤ ʘʥʦʜʦʤ (ʈʠʩʫʥʦʢ 1.1) [19]. 

 

 

ʈʠʩʫʥʦʢ 1.1  ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʃʀɸ [19] 

 

ʆʙʘ ʵʣʝʢʪʨʦʜʘ ʥʘʥʝʩʝʥʳ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʪʦʢʦʦʪʚʦʜʳ ʠ ʨʘʟʜʝʣʝʥʳ ʤʝʞʜʫ ʩʦʙʦʡ 

ʧʦʨʠʩʪʳʤ ʩʝʧʘʨʘʪʦʨʦʤ, ʧʨʦʧʠʪʘʥʥʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʩʪʚʦʨ 

ʣʠʪʠʝʚʦʡ ʩʦʣʠ, ʥʘʧʨʠʤʝʨ, LiPF6, ʚ ʦʨʛʘʥʠʯʝʩʢʦʤ ʘʧʨʦʪʦʥʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ (ʥʘʧʨʠʤʝʨ, ʩʤʝʩʴ 
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ʵʪʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ ʜʠʤʝʪʠʣʢʘʨʙʦʥʘʪʘ). ʇʨʠ ʥʘʣʦʞʝʥʠʠ ʪʦʢʘ ʢ ʘʢʢʫʤʫʣʷʪʦʨʫ ʠʦʥʳ ʣʠʪʠʷ 

ʧʦʢʠʜʘʶʪ ʩʪʨʫʢʪʫʨʫ ʢʘʪʦʜʘ, ʦʩʫʱʝʩʪʚʣʷʷ ʜʚʠʞʝʥʠʝ ʯʝʨʝʟ ʵʣʝʢʪʨʦʣʠʪ, ʠ ʚʥʝʜʨʷʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʫ 

ʘʥʦʜʘ. ɼʣʷ ʩʦʭʨʘʥʝʥʠʷ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʠʦʥʳ d-ʤʝʪʘʣʣʘ ʚ ʢʘʪʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʦʢʠʩʣʷʶʪʩʷ, 

ʦʪʜʘʚʘʷ ʵʣʝʢʪʨʦʥʳ ʚʦ ʚʥʝʰʥʶʶ ʮʝʧʴ, ʘ ʘʥʦʜ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʧʨʠʥʠʤʘʷ ʵʣʝʢʪʨʦʥʳ ʠʟ ʚʥʝʰʥʝʡ 

ʮʝʧʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ ʟʘʨʷʜʘ. ʇʨʠ ʨʘʟʨʷʜʝ ʠʦʥʳ ʣʠʪʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ 

ʧʦʢʠʜʘʶʪ ʤʘʪʝʨʠʘʣ ʘʥʦʜʘ ʠ ʚʥʝʜʨʷʶʪʩʷ ʚ ʩʪʨʫʢʪʫʨʫ ʢʘʪʦʜʘ, ʘʥʦʜ ʦʢʠʩʣʷʝʪʩʷ, ʵʣʝʢʪʨʦʥʳ 

ʜʚʠʞʫʪʩʷ ʯʝʨʝʟ ʚʥʝʰʥʶʶ ʮʝʧʴ, ʩʦʚʝʨʰʘʷ ʧʦʣʝʟʥʫʶ ʨʘʙʦʪʫ, ʘ ʢʘʪʦʜ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʟʘʨʷʜʝ ʧʨʦʪʝʢʘʶʪ ʩʣʝʜʫʶʱʠʝ ʧʨʦʮʝʩʩʳ: 

LiCoO2 Ÿ Li1-xCoO2 + xLi+ + xǛ Co3+ Ÿ Co4+ + Ǜ (1.1), 

6C + xLi+ + xǛ Ÿ LixC6 Li+ + Ǜ Ÿ Li0 (1.2). 

ɸ ʧʨʠ ʨʘʟʨʷʜʝ: 

Li xC6 Ÿ 6C + xLi + + xǛ Li 0 Ÿ Li+ + Ǜ (1.3), 

Li 1-xCoO2 + xLi+ + xǛ Ÿ LiCoO2 Co4+ + Ǜ Ÿ Co3+ (1.4). 

ʈʘʙʦʪʘ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ ʨʝʘʣʠʟʫʝʪʩʷ ʧʫʪʝʤ ʦʙʨʘʪʠʤʦʛʦ ʚʥʝʜʨʝʥʠʷ ʠʦʥʦʚ 

ʣʠʪʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʸʪʢʫ ʩʦʝʜʠʥʝʥʠʷ-ʭʦʟʷʠʥʘ. ʕʣʝʢʪʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ 

ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʜʘ V(x), ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʢʘʢ ʨʘʩʪʚʦʨ ʛʦʩʪʷ (Li+) ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʝ ʩʦʝʜʠʥʝʥʠʷ-ʭʦʟʷʠʥʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʨʤʦʜʠʥʘʤʠʢʦʡ [20]: 

 
ὠὼ

ρ

ᾀὊ

‬ЎὋ

‬ὼ
ὧέὲίὸ 

(1.5), 

ʛʜʝ x  ʩʦʩʪʘʚ ʵʣʝʢʪʨʦʜʘ, ȹG  ʠʟʤʝʥʝʥʠʝ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ, 
Ў

‘,É  ʭʠʤʠʯʝʩʢʠʡ 

ʧʦʪʝʥʮʠʘʣ. ʌʦʨʤʘ ʢʨʠʚʦʡ ὠὼ ὼ ʟʘʚʠʩʠʪ ʦʪ ʤʝʭʘʥʠʟʤʘ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʭʦʜʝ 

ʧʨʦʮʝʩʩʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ. 

ɺʳʜʝʣʷʶʪ ʜʚʘ ʤʝʭʘʥʠʟʤʘ ʧʨʦʮʝʩʩʘ ʠʥʪʝʨʢʘʣʷʮʠʠ. ʇʝʨʚʳʡ ʤʝʭʘʥʠʟʤ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʨʷʜʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩ ʧʦʩʪʝʧʝʥʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ. ɼʨʫʛʦʡ ʤʝʭʘʥʠʟʤ ʧʨʦʪʝʢʘʝʪ ʧʫʪʝʤ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʜʚʫʭ ʬʘʟ, 

ʥʘʯʘʣʴʥʦʡ ʠ ʢʦʥʝʯʥʦʡ, ʨʘʟʜʝʣʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝʡ [19]. ɿʘʚʠʩʠʤʦʩʪʴ ʬʦʨʤʳ 

ʢʨʠʚʦʡ ὠὼ ὼ ʦʪ ʤʝʭʘʥʠʟʤʘ (ʜʝ)ʠʥʪʝʨʢʘʣʷʮʠʠ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʘʚʠʣʦʤ ʬʘʟ ɻʠʙʙʩʘ, ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʦʤʫ ʚ ʟʘʢʨʳʪʦʡ ʨʘʚʥʦʚʝʩʥʦʡ ʩʠʩʪʝʤʝ ʯʠʩʣʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ f ʩʚʷʟʘʥʦ ʩ ʯʠʩʣʦʤ 

ʥʝʟʘʚʠʩʠʤʳʭ ʢʦʤʧʦʥʝʥʪ c, ʢʦʣʠʯʝʩʪʚʦʤ ʬʘʟ p ʠ ʥʘʙʦʨʦʤ ʠʥʪʝʥʩʠʚʥʳʭ ʧʝʨʝʤʝʥʥʳʭ n, 

ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʠʩʪʝʤʳ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʤʦʣʴʥʳʭ ʜʦʣʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʢʘʞʜʦʡ 

ʬʘʟʳ), ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [20]: 

 Ὢ ὧ ὴ ὲ (1.6). 

ɺ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʝʩʪʴ ʪʦʣʴʢʦ ʜʚʝ ʠʥʪʝʥʩʠʚʥʳʝ ʧʝʨʝʤʝʥʥʳʝ: 

ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ (n = 2). ʕʣʝʢʪʨʦʜ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʩʠʩʪʝʤʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʜʚʫʭ 
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ʢʦʤʧʦʥʝʥʪ: Li+ ʠ ʤʘʪʨʠʮʫ ʭʦʟʷʠʥʘ (c = 2). ʇʦʩʢʦʣʴʢʫ, ʵʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʠ, ʪʦ ʯʠʩʣʦ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 Ὢ ς ὴ ς ς ς ὴ (1.7). 

ɺ ʩʣʫʯʘʝ ʦʜʥʦʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʠʥʪʝʨʢʘʣʷʮʠʠ (p = 1, f = 1) ʧʦʪʝʥʮʠʘʣ ʵʣʝʢʪʨʦʜʘ ʠʤʝʝʪ 

ʦʜʥʫ ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ, ʠ ʦʥ ʥʝʧʨʝʨʳʚʥʦ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʣʠʪʠʷ ʚ 

ʵʣʝʢʪʨʦʜʝ (ʈʠʩʫʥʦʢ 1.2ʘ). ʇʨʠ ʨʝʘʣʠʟʘʮʠʠ ʜʚʫʭʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ (p = 2, f = 0) ʧʦʪʝʥʮʠʘʣ ʙʫʜʝʪ 

ʦʩʪʘʚʘʪʴʩʷ ʥʝʠʟʤʝʥʥʳʤ ʚ ʭʦʜʝ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ, ʦ ʯʝʤ ʥʘ ʢʨʠʚʦʡ ὠὼ ὼ ʙʫʜʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʧʣʘʪʦ (ʈʠʩʫʥʦʢ 1.2ʙ) [19, 20]. 

 

 

ʈʠʩʫʥʦʢ 1.2  ʌʦʨʤʘ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʨʠ ʦʜʥʦʬʘʟʥʦʤ (ʘ) ʠ ʜʚʫʭʬʘʟʥʦʤ (ʙ) ʤʝʭʘʥʠʟʤʝ 

ʠʥʪʝʨʢʘʣʷʮʠʠ [19] 

 

ʉʚʦʡʩʪʚʘ ʃʀɸ ʦʧʠʩʳʚʘʶʪʩʷ ʥʝʩʢʦʣʴʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʅʘʠʙʦʣʝʝ ʚʘʞʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʷʚʣʷʝʪʩʷ ʥʘʧʨʷʞʝʥʠʝ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ Vʅʈʎ (ɺ), ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʨʘʟʥʦʩʪʴʶ ʭʠʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʢʘʪʦʜʝ ɛʢ(Li) ʠ ʘʥʦʜʝ ɛʘ(Li ) [20]: 

 
ὠ̊˝ˣ

‘̋ ,É ‘́ ,É

ᾀὊ
 

(1.8), 

ʛʜʝ z  ʯʠʩʣʦ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ, F ï ʢʦʥʩʪʘʥʪʘ ʌʘʨʘʜʝʷ 

(96485 ʂʣ/ʤʦʣʴ). 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʢʦʛʦ-ʣʠʙʦ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʩʣʝʜʫʶʪ ʚ ʧʦʣʫʷʯʝʡʢʘʭ, ʛʜʝ ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ, ʵʣʝʢʪʨʦʣʠʪʦʤ ʚʳʩʪʫʧʘʝʪ 1 M 

ʨʘʩʪʚʦʨ ʩʦʣʠ ʣʠʪʠʷ, ʘ ʢʘʪʦʜʦʤ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʫʝʤʳʡ ʵʣʝʢʪʨʦʜ. ʃʠʪʠʝʚʳʡ ʵʣʝʢʪʨʦʜ ʩʣʫʞʠʪ ʢʘʢ ʚ 

ʢʘʯʝʩʪʚʝ ɻ ʣʝʢʪʨʦʜʘ ʩʨʘʚʥʝʥʠʷ, ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʪʠʚʦʵʣʝʢʪʨʦʜʘ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʧʦʪʝʥʮʠʘʣ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ [21]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʥʘʧʨʷʞʝʥʠʝ, ʠʟʤʝʨʷʝʤʦʝ ʚ ʧʦʣʫʷʯʝʡʢʘʭ, ʷʚʣʷʝʪʩʷ ʵʣʝʢʪʨʦʜʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʵʣʝʢʪʨʦʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʠʪʠʝʚʦʛʦ ʵʣʝʢʪʨʦʜʘ Vʅʈʎ (ɺ ʦʪʥ. Li+/Li ). 
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ʇʨʠ ʧʦʜʘʯʝ ʪʦʢʘ ʥʘʧʨʷʞʝʥʠʝ ʘʢʢʫʤʫʣʷʪʦʨʘ ʦʪʣʠʯʘʝʪʩʷ ʦʪ Vʅʈʎ ʠʟ-ʟʘ ʦʤʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, 

ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʚʦ ʚʨʝʤʷ ʨʘʟʨʷʜʘ ʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʶ ʚʦ ʚʨʝʤʷ 

ʟʘʨʷʜʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʥʷʪʠʝ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ Vʨʘʙ [18, 20]: 

 ὠ̑́̂ ὠ̊˝ˣ ὍϽὙ (1.9), 

ʛʜʝ I  ʪʦʢ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʘʢʢʫʤʫʣʷʪʦʨ (ʟʥʘʢ ʪʦʢʘ ʜʣʷ ʨʘʟʨʷʜʘ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ, ʜʣʷ 

ʟʘʨʷʜʘ ʦʪʨʠʮʘʪʝʣʴʥʳʤ [22]) (ɸ), R  ʧʦʣʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʷʯʝʡʢʠ (ʆʤ), ʢʦʪʦʨʦʝ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʥʝʩʢʦʣʴʢʦ ʩʣʘʛʘʝʤʳʭ [20]: 

 Ὑ Ὑ Ὑ ὃ Ὑ ὅ  Ὑ ὃ Ὑ ὅ (1.10), 

ʛʜʝ Rin(A), Rin(C) ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʝʨʝʥʦʩʘ ʠʦʥʦʚ ʣʠʪʠʷ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ ʵʣʝʢʪʨʦʣʠʪ-

ʵʣʝʢʪʨʦʜ, Rʩ(A), Rʩ(C)  ʚʥʫʪʨʝʥʥʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʣʝʢʪʨʦʜʦʚ, Rel  ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʣʝʢʪʨʦʣʠʪʘ. 

ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʝ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʦʡ ʠ ʚʘʨʴʠʨʫʝʪʩʷ ʚ 

ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ (ʈʠʩʫʥʦʢ 1.2) [21, 23]. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʦʥʢʨʝʪʥʳʡ 

ʵʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʦʤʠʥʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ, ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʥʳʝ 

ʩʧʦʩʦʙʳ ʨʘʩʯʝʪʘ, ʥʘʧʨʠʤʝʨ, ʚʳʯʠʩʣʷʶʪ ʠʩʭʦʜʷ ʠʟ ʧʣʦʱʘʜʠ ʧʦʜ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʣʠʙʦ 

ʦʧʨʝʜʝʣʷʶʪ ʪʦʯʢʫ ʧʝʨʝʩʝʯʝʥʠʷ ʟʘʨʷʜʥʳʭ ʠ ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ, ʣʠʙʦ ʚʳʯʠʩʣʷʶʪ ʩʨʝʜʥʝʝ 

ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ [21, 23, 24]. 

ʉʣʝʜʫʶʱʝʡ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʷʚʣʷʝʪʩʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ (ʤɸʯ ʛ-1)  ʵʪʦ 

ʢʦʣʠʯʝʩʪʚʦ ʟʘʨʷʜʘ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʧʨʠʥʷʪʴ ʠʣʠ ʦʪʜʘʪʴ ʢʦʥʢʨʝʪʥʳʡ ʵʣʝʢʪʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ. ɽʛʦ 

ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ Qʪʝʦʨ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

 
ὗ̓ ̆̏̑

ρπππϽᾀὊ

σφππϽὓ
 

(1.11), 

ʛʜʝ M  ʤʦʣʷʨʥʘʷ ʤʘʩʩʘ (ʛ/ʤʦʣʴ) ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [20]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʯʠʪʘʝʤ 

ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʫʜʝʣʴʥʫʶ ʝʤʢʦʩʪʴ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ Li 4Ti5O12 (M = 459,2 ʛ/ʤʦʣʴ), ʢʦʪʦʨʳʡ 

ʩʧʦʩʦʙʝʥ ʚʤʝʩʪʠʪʴ ʚ ʩʚʦʶ ʩʪʨʫʢʪʫʨʫ ʪʨʠ ʠʦʥʘ ʣʠʪʠʷ. ʉʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (1.11), ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʝʤʢʦʩʪʴ Li 4Ti5O12 ʩʦʩʪʘʚʣʷʝʪ ὗ̓ ̆̏,̑É4É/
ϽϽ

Ͻ ȟ
 175 ʤɸʯ ʛ-1. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʠ ʃʀɸ ʪʨʝʙʫʶʪʩʷ ʵʣʝʢʪʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʧʦʩʦʙʥʳʝ ʚʤʝʱʘʪʴ ʚ ʩʝʙʷ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʠʦʥʦʚ ʣʠʪʠʷ (ʙʦʣʴʰʝ z), ʠʤʝʷ ʥʝʙʦʣʴʰʫʶ ʤʦʣʷʨʥʫʶ ʤʘʩʩʫ. ʇʨʘʢʪʠʯʝʩʢʫʶ ʫʜʝʣʴʥʫʶ 

ʝʤʢʦʩʪʴ ʦʧʨʝʜʝʣʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ: 

 
ὗ̐ ̑́̋  ̓

ὍϽὸ

ά
  

(1.12), 

ʛʜʝ t  ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʨʘʟʨʷʜʘ/ʟʘʨʷʜʘ (ʯ), m ï ʤʘʩʩʘ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʵʣʝʢʪʨʦʜʘ. ɺʘʞʥʦ 

ʧʦʥʠʤʘʪʴ, ʯʪʦ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʢʦʥʢʨʝʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʕʪʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʟʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʛʨʫʧʧ, ʚ 

ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʣʠʩʴ ʨʘʟʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʢʦʡ ʷʯʝʡʢʠ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʤʘʩʩʦʡ ʠ 
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ʦʙʲʝʤʦʤ [23]. ɼʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʛʦʪʦʚʦʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʫʜʝʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʦʨʤʠʨʫʶʪ ʥʘ ʤʘʩʩʫ/ʦʙʲʝʤ ʚʩʝʛʦ ʘʢʢʫʤʫʣʷʪʦʨʘ [23, 24]. 

ʀʟ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ (ʈʠʩʫʥʦʢ 1.2) ʠ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ 

ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ W (ɺʪʯ/ʢʛ), ʢʦʪʦʨʫʶ ʩʧʦʩʦʙʝʥ ʟʘʧʘʩʪʠ ʘʢʢʫʤʫʣʷʪʦʨ. ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ 

ʟʥʘʯʝʥʠʷ, ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ Vʩʨ [21]: 

 

ὡ ὠ̑́ ̂Ὠὗ

̐̑́̋̓

ὠ̒ Ͻ̑ὗ̐ ̑́̋̓ 

(1.13). 

ʄʦʱʥʦʩʪʴ ʘʢʢʫʤʫʣʷʪʦʨʘ (ɺʪ/ʢʛ) ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʢʦʨʦʩʪʴ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʘʢʢʫʤʫʣʷʪʦʨʘ, 

ʪʦ ʝʩʪʴ ʩʧʦʩʦʙʥʦʩʪʴ ʙʳʩʪʨʦ ʟʘʨʷʞʘʪʴʩʷ ʠ ʨʘʟʨʷʞʘʪʴʩʷ [20]: 

 ὖ ὍϽὠ̑́̂ ὍϽὠ̊˝ˣ ὍϽὙ (1.14). 

ʄʦʱʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴʶ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ 

ʷʯʝʡʢʝ, ʚ ʪʦʤ ʯʠʩʣʝ, ʧʝʨʝʥʦʩʦʤ ʟʘʨʷʜʘ ʚ ʵʣʝʢʪʨʦʜʘʭ ʠ ʜʠʬʬʫʟʠʝʡ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʝ 

ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦʵʪʦʤʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʦʱʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʪʨʝʙʫʶʪʩʷ ʵʣʝʢʪʨʦʜʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʉʢʦʨʦʩʪʴ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʟʘʜʘʝʪʩʷ 

ʪʦʢʦʤ I(nC) (ʤɸ/ʛ), ʧʦʜʘʚʘʝʤʳʡ ʥʘ ʘʢʢʫʤʫʣʷʪʦʨ. ʆʥʘ ʚʳʨʘʞʘʝʪʩʷ ʚ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ nC, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ ʧʦʣʥʦʤʫ ʟʘʨʷʜʫ/ʨʘʟʨʷʜʫ ʟʘ tʪʝʦʨ = 1/n ʯʘʩʦʚ [18, 20, 21]. 

 
Ὅὲὅ ὲὗ̓ ̆̏̑

ὗ̓ ̆̏̑

ὸ̓̆̏̑
 

(1.15). 

ʇʦʩʢʦʣʴʢʫ ʘʢʢʫʤʫʣʷʪʦʨ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʛʦʢʨʘʪʥʦ, ʪʦ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʷʚʣʷʝʪʩʷ 

ʝʛʦ ʨʝʩʫʨʩ (ʮʠʢʣʠʨʫʝʤʦʩʪʴ), ʢʦʪʦʨʳʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʣʠʯʝʩʪʚʫ ʮʠʢʣʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ, ʢʦʪʦʨʦʝ 

ʘʢʢʫʤʫʣʷʪʦʨ ʤʦʞʝʪ ʩʦʚʝʨʰʠʪʴ ʜʦ ʪʦʛʦ, ʢʘʢ ʝʛʦ ʝʤʢʦʩʪʴ ʫʧʘʜʝʪ ʥʠʞʝ 80 % ʦʪ ʥʘʯʘʣʴʥʦʡ [20, 21, 

23]. ʇʦʜ ʥʘʯʘʣʴʥʦʡ ʝʤʢʦʩʪʴʶ ʥʝʦʙʷʟʘʪʝʣʴʥʦ ʧʦʜʨʘʟʫʤʝʚʘʪ ɹ ʝʤʢʦʩʪʴ ʧʝʨʚʦʛʦ ʮʠʢʣʘ [23]. 

ʂʦʤʤʝʨʯʝʩʢʠʝ ʘʢʢʫʤʫʣʷʪʦʨʳ ʧʦʩʣʝ ʩʙʦʨʢʠ ʪʨʝʙʫʶʪ 1-5 ʮʠʢʣʦʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ [22, 

23], ʧʦʩʣʝ ʯʝʛʦ ʨʝʩʫʨʩ ʦʮʝʥʠʚʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʝʤʢʦʩʪʠ, ʧʦʣʫʯʝʥʥʦʡ ʧʦʩʣʝ ʵʪʠʭ ʮʠʢʣʦʚ [23]. ɺ 

ʭʦʜʝ ʮʠʢʣʦʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦʪʦʚʢʠ ʧʨʦʠʩʭʦʜʷʪ ʨʘʟʣʠʯʥʳʝ ʥʝʦʙʨʘʪʠʤʳʝ ʧʨʦʮʝʩʩʳ, 

ʥʘʧʨʠʤʝʨ, ʧʦʙʦʯʥʳʝ ʨʝʘʢʮʠʠ ʵʣʝʢʪʨʦʜʘ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʣʦʷ SEI, ʘ ʚ ʥʝʢʦʪʦʨʳʭ 

ʩʣʫʯʘʷʭ ʧʨʦʠʩʭʦʜʷʪ ʥʝʦʙʨʘʪʠʤʳʝ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʧʦʣʝʟʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʢʫʣʦʥʦʚʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɖ (%), ʢʦʪʦʨʘʷ ʦʪʨʘʞʘʝʪ ʦʙʨʘʪʠʤʦʩʪʴ ʧʨʦʮʝʩʩʦʚ. ɼʣʷ ʘʥʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʦʥʘ ʨʘʚʥʘ ʦʪʥʦʰʝʥʠʶ ʟʘʨʷʜʥʦʡ ʝʤʢʦʩʪʠ ʢ ʨʘʟʨʷʜʥʦʡ [21]. 

 
–

ὗ̈ ̠́̑̅

ὗ̑ ̠́̈̑̅
ϽρππϷ 

(1.16). 
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1.2. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ɺ ʢʦʤʤʝʨʯʝʩʢʠʭ ʃʀɸ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʣʠʪʠʡ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʝʚʦʩʭʦʜʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʪʠʝʚʦʛʦ ʘʥʦʜʘ (ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 3860 ʤɸʯ ʛ-1, ʩʪʘʥʜʘʨʪʥʳʡ 

ʵʣʝʢʪʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ Li+/Li  ʨʘʚʝʥ -3,04 ɺ ʦʪʥ. H+/H2), ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʣʠʪʠʝʤ, 

ʠʟʦʙʨʝʪʝʥʥʳʝ ʚ 1970-ʳʭ ʛʦʜʘʭ, ʠʤʝʶʪ ʩʝʨʴʝʟʥʳʡ ʥʝʜʦʩʪʘʪʦʢ, ʩʚʷʟʘʥʥʳʡ ʩ 

ʜʝʥʜʨʠʪʦʦʙʨʘʟʦʚʘʥʠʝʤ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʢʦʨʦʪʢʦʤʫ ʟʘʤʳʢʘʥʠʶ (ʈʠʩʫʥʦʢ 1.3) [20]. 

 

 

ʈʠʩʫʥʦʢ 1.3  ʀʣʣʶʩʪʨʘʮʠʷ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʘʷ ʜʝʥʜʨʠʪʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʣʠʪʠʡ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʘʢʢʫʤʫʣʷʪʦʨʘʭ [20] 

 

ɺʤʝʩʪʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʣʠʪʠʷ ʚ ʃʀɸ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʢʦʪʦʨʳʝ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʵʣʝʢʪʨʦʜʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ ʦʙʨʘʪʠʤʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʠʦʥʘʤʠ ʣʠʪʠʷ. ʇʦ 

ʤʝʭʘʥʠʟʤʫ ʨʝʘʢʮʠʠ ʩ ʠʦʥʘʤʠ ʣʠʪʠʷ ʘʥʦʜʳ ʨʘʟʜʝʣʷʶʪ ʥʘ ʪʨʠ ʛʨʫʧʧʳ [19, 25, 26]. ʂ ʧʝʨʚʦʡ ʛʨʫʧʧʝ 

ʦʪʥʦʩʷʪ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʝ ʘʥʦʜʳ, ʢʦʪʦʨʳʝ ʦʙʨʘʪʠʤʦ ʚʥʝʜʨʷʶʪ ʚ ʩʚʦʶ ʩʪʨʫʢʪʫʨʫ ʠʦʥʳ ʣʠʪʠʷ. 

ʉʨʝʜʠ ʪʘʢʠʭ ʘʥʦʜʦʚ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʛʨʘʬʠʪ ʠʟ-ʟʘ ʝʛʦ ʜʝʰʝʚʠʟʥʳ. ɻʨʘʬʠʪ ʦʙʣʘʜʘʝʪ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ 372 ʤɸʯ ʛ-1, ʘ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʇʦʩʢʦʣʴʢʫ ʩʨʝʜʥʠʡ ʧʦʪʝʥʮʠʘʣ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʣʷʝʪ 0,15 0,25 ɺ ʦʪʥ. 

Li+/Li  [19], ʛʨʘʬʠʪ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʦʚ ʟʘʨʷʜʘ/ʨʷʟʨʷʜʘ ʨʝʘʛʠʨʫʝʪ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ, ʦʙʨʘʟʫʷ SEI, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʜʝʛʨʘʜʘʮʠʠ ʘʥʦʜʘ [4]. ʂʨʦʤʝ ʪʦʛʦ, ʛʨʘʬʠʪ ʥʝ ʩʧʦʩʦʙʝʥ ʨʘʙʦʪʘʪʴ ʧʨʠ ʚʳʩʦʢʠʭ 

ʩʢʦʨʦʩʪʷʭ ʟʘʨʷʜʘ/ʨʷʟʨʷʜʘ [5]. 

ʂ ʘʥʦʜʘʤ ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʦʪʥʦʩʷʪ ʤʝʪʘʣʣʳ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʩʧʣʘʚʳ ʩ ʣʠʪʠʝʤ (Si, Sn). 

ʊʘʢʠʝ ʘʥʦʜʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʢʨʝʤʥʠʷ ʦʥʘ 

ʩʦʩʪʘʚʣʷʝʪ 4200 ʤɸʯ ʛ-1, ʘ ʜʣʷ ʦʣʦʚʘ  960 ʤɸʯ ʛ-1. ʉʫʱʝʩʪʚʝʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʵʪʠʭ ʘʥʦʜʦʚ 
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ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ ʩʠʣʴʥʦ ʠʟʤʝʥʷʶʪ ʩʚʦʡ ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʘʢʢʫʤʫʣʷʪʦʨʘ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʵʣʝʢʪʨʦʜʘ [19, 25, 26]. 

ʂ ʘʥʦʜʘʤ ʪʨʝʪʴʝʡ ʛʨʫʧʧʳ ʦʪʥʦʩʷʪ ʦʢʩʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (MOx, ʛʜʝ M = Cr, Mn, Fe, 

Co, Ni, Cu), ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʩʷ ʜʦ ʤʝʪʘʣʣʘ ʠ ʨʝʛʝʥʝʨʠʨʦʚʘʪʴ ʦʙʨʘʪʥʦ ʜʦ ʦʢʩʠʜʘ 

[19, 25, 26]. ɽʤʢʦʩʪʴ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʪʘʢʠʭ ʦʢʩʠʜʦʚ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 600700 ʤɸʯ 

ʛ-1, ʦʜʥʘʢʦ ʦʥʠ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ 

(ʂʇɼ) ʘʢʢʫʤʫʣʷʪʦʨʘ [19, 26], ʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʡ ʧʦʪʝʥʮʠʘʣ (~2 ɺ ʦʪʥ. Li+/Li), ʠʟ-ʟʘ ʯʝʛʦ 

ʘʢʢʫʤʫʣʷʪʦʨʳ ʩ ʪʘʢʠʤ ʘʥʦʜʦʤ ʙʫʜʫʪ ʠʤʝʪʴ ʥʠʟʢʫʶ ʵʣʝʢʪʨʦʜʚʠʞʫʱʫʶ ʩʠʣʫ [19]. ɹʳʣʠ 

ʧʨʝʜʣʦʞʝʥʳ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʦʣʦʚʘ ʠ ʩʫʨʴʤʳ, ʚ ʢʦʪʦʨʳʭ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʦʢʩʠʜ ʥʝʦʙʨʘʪʠʤʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʜʦ ʤʝʪʘʣʣʘ ʚ ʚʠʜʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʦʢʩʠʜʘ ʣʠʪʠʷ, ʘ ʥʘ ʧʦʩʣʝʜʫʶʱʠʭ ʩʪʘʜʠʷʭ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʫʯʘʩʪʚʫʝʪ 

ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ ʤʝʪʘʣʣ ʢʘʢ ʘʥʦʜ ʩʧʣʘʚʣʝʥʠʷ. ʆʜʥʘʢʦ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʮʠʢʣʦʚ ʝʤʢʦʩʪʴ ʪʘʢʠʭ 

ʵʣʝʢʪʨʦʜʦʚ ʩʠʣʴʥʦ ʩʥʠʞʘʝʪʩʷ ʚ ʩʚʷʟʠ ʩ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʯʘʩʪʠʮ ʤʝʪʘʣʣʘ [19, 25]. 

ʅʘ ʈʠʩʫʥʢʝ 1.4 ʧʦʢʘʟʘʥ ʚʳʙʦʨ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʃʀɸ [25]. 

ɺr ʙʦʨ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʜʣʷ ʠʥʪʝʨʢʘʣʷʮʠʦʥʥʳʭ ʘʥʦʜʦʚ ʦʛʨʘʥʠʯʝʥ ʫʛʣʝʨʦʜʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ [19], ʠ ʦʢʩʠʜʘʤʠ Ti, V ʠ Nb [25, 27]. ʇʦʩʢʦʣʴʢʫ ʩʦʝʜʠʥʝʥʠʷ ʚʘʥʘʜʠʷ ʷʚʣʷʶʪʩʷ 

ʪʦʢʩʠʯʥʳʤʠ, ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ 

[11]. 

 

 

ʈʠʩʫʥʦʢ 1.4  ɺʳʙʦʨ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʃʀɸ [25] 
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1.3. ʀʥʪʝʨʢʘʣʷʮʠʦʥʥʳʝ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 

ʕʣʝʢʪʨʦʜʥʳʡ ʧʦʪʝʥʮʠʘʣ ʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 12 ɺ ʦʪʥ. Li+/Li, ʯʪʦ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ SEI ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʚʝʣʠʯʠʚʘʝʪ ʩʨʦʢ ʩʣʫʞʙʳ ʃʀɸ (ʈʠʩʫʥʦʢ 1.5) [14]. 

 

ʈʠʩʫʥʦʢ 1.5  ɿʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʘʷ ʦʢʥʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʵʣʝʢʪʨʦʣʠʪʘ Eg ʠ ʧʦʪʝʥʮʠʘʣʳ ʘʥʦʜʦʚ ʠ ʢʘʪʦʜʦʚ [14] 

 

Li 4Ti5O12 ʩʦ ʰʧʠʥʝʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʦʙʣʘʜʘʝʪ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ 175 ʤɸʯ ʛ-1 ʠ ʠʤʝʝʪ 

ʩʨʝʜʥʠʡ ʧʦʪʝʥʮʠʘʣ 1,55 ɺ ʦʪʥ. Li+/Li , ʯʪʦ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ SEI. ʕʪʦ ʩʦʝʜʠʥʝʥʠʝ 

ʦʪʣʠʯʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʦʥʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪ ʦʙʲʝʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

(0,3%), ʯʝʤ ʦʙʫʩʣʦʚʣʝʥʘ ʝʛʦ ʚʳʩʦʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ ʵʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʪʥʦʩʷʪ ʝʛʦ 

ʥʠʟʢʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ (~1 ³ 10-13 ʉʤ ʩʤ-1) ʠ ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʠʦʥʘ 

ʣʠʪʠʷ (1,6 ³ 10-11 ʩʤ2 ʩ-1), ʠʟ-ʟʘ ʯʝʛʦ ʝʛʦ ʩʣʝʜʫʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʫʛʣʝʨʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʦʣʴʢʦ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʤ ʩʦʩʪʦʷʥʠʠ [6]. ʂʨʦʤʝ ʪʦʛʦ, Li4Ti5O12 ʦʙʣʘʜʘʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʙʦʣʴʰʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ (459,2 

ʛ/ʤʦʣʴ). ɹʦʣʝʝ ʪʦʛʦ, ʚ ʩʦʩʪʘʚ Li4Ti5O12 ʠʟʥʘʯʘʣʴʥʦ ʚʭʦʜʠʪ ʣʠʪʠʡ, ʢʦʪʦʨʳʡ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʷʭ ʥʝ ʫʯʘʩʪʚʫʝʪ, ʧʨʝʜʩʪʘʚʣʷʷ ʩʦʙʦʡ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʜʦʨʦʛʦʩʪʦʷʱʠʡ çʤʝʨʪʚʳʡ ʛʨʫʟè [28]. 

ʄʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʝʪ ʠʥʪʝʨʝʩ ʢ TiO2 [27, 29]. ʊʝʦʨʝʪʠʯʝʩʢʠ, ʝʩʣʠ ʧʨʠ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʯʝʪʳʨʝʭʚʘʣʝʥʪʥʳʡ ʪʠʪʘʥ ʧʦʣʥʦʩʪʴʶ ʚʦʩʩʪʘʥʦʚʠʪʩʷ ʜʦ ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ, ʪʦ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ TiO2 ʩʦʩʪʘʚʠʪ 335 ʤɸʯ ʛ-1. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʳ 
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ʝʤʢʦʩʪʠ 200 ʤɸʯ ʛ-1 ʜʣʷ ʘʥʘʪʘʟʘ ʠ 235 ʤɸʯ ʛ-1 ʜʣʷ TiO2 (B) [27, 29]. ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʧʦʪʝʥʮʠʘʣ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ TiO2 ʩʦʩʪʘʚʣʷʝʪ 1,72ï1,75 ɺ ʦʪʥ. Li+/Li, ʘ ʧʦʪʝʥʮʠʘʣ 

ʵʢʩʪʨʘʢʮʠʠ 1,8ï1,9 ɺ ʦʪʥ. Li+/Li, ʯʪʦ ʩʢʘʞʝʪʩʷ ʥʘ ʧʨʦʠʛʨʳʰʝ ʚ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʝ ʠ ʂʇɼ 

ʘʢʢʫʤʫʣʷʪʦʨʘ ʩ ʪʘʢʠʤ ʘʥʦʜʦʤ [19]. 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ Li4Ti5O12 ʚ 2011 ʛʦʜʫ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ TiNb2O7 

[7]. ʆʥ ʦʙʣʘʜʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʴʶ 387,6 ʤɸʯ ʛ-1, ʘ ʝʛʦ ʩʨʝʜʥʠʡ ʧʦʪʝʥʮʠʘʣ 

ʩʦʩʪʘʚʣʷʝʪ 1,64 ɺ ʦʪʥ. Li+/Li  [30]. ʆʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

ʦʙʫʩʣʦʚʣʝʥʘ ʨʝʘʣʠʟʘʮʠʝʡ ʤʥʦʛʦʵʣʝʢʪʨʦʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ 

Nb5+/Nb3+. ʇʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʠʟʤʝʥʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʦʙʲʝʤʘ TiNb2O7 ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʚʝʣʠʢʦ (6,85ï10,5%), ʬʘʟʦʚʳʝ ʠʟʤʝʥʝʥʠʷ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʦʚ ʟʘʨʷʜʘ/ʨʘʟʨʷʜʘ ʦʙʨʘʪʠʤʳ ʠ ʩʣʘʙʦ 

ʤʝʥʷʶʪ ʝʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ [11, 12]. ʅʝʜʦʩʪʘʪʢʠ TiNb2O7 ʘʥʘʣʦʛʠʯʥʳ Li4Ti5O12: ʵʪʦ 

ʩʦʝʜʠʥʝʥʠʝ ʠʤʝʝʪ ʥʠʟʢʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ (10-9 10-11 ʉʤ ʩʤ-1) ʠ ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʠʬʬʫʟʠʠ ʠʦʥʦʚ ʣʠʪʠʷ (~1 ³ 10-15 ʩʤ2 ʩ-1) [9]. ɹʦʣʝʝ ʪʦʛʦ, ʩʨʝʜʠ ʥʝʜʦʩʪʘʪʢʦʚ ʦʪʤʝʯʘʶʪ 

ʜʦʨʦʛʦʚʠʟʥʫ ʥʠʦʙʠʷ [14, 28]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʪʦʠʤʦʩʪ ɹʩʳʨʴʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ Li4Ti5O12 ʠ 

TiNb2O7 ʙʫʜʝʪ ʧʨʠʤʝʨʥʦ ʦʜʥʦʛʦ ʧʦʨʷʜʢʘ ʚʚʠʜʫ ʜʦʨʦʛʦʚʠʟʥʳ Li 2CO3 ʠ Nb2O5 [14]. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ 

ʤʠʨʦʚʳʭ ʟʘʧʘʩʦʚ ʥʠʦʙʠʷ ʙʦʣʝʝ ʯʝʤ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʫʜʦʚʣʝʪʚʦʨʝʥʠʷ ʤʠʨʦʚʦʛʦ ʩʧʨʦʩʘ ʚ ʪʝʯʝʥʠʝ 

ʩʣʝʜʫʶʱʠʭ 500 ʣʝʪ [14, 31], ʧʦʩʢʦʣʴʢʫ ʥʠʦʙʠʡ ʚ ʦʩʥʦʚʥʦʤ ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʩʧʣʘʚʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ ʠ ʘʚʠʘʩʪʨʦʝʥʠʠ [31, 32]. ɼʦʨʦʛʦʚʠʟʥʘ ʥʠʦʙʠʷ 

ʦʙʫʩʣʦʚʣʝʥʘ ʝʛʦ ʛʝʦʛʨʘʬʠʯʝʩʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ: 92% ʥʠʦʙʠʷ ʜʦʙʳʚʘʶʪ ʚ ɹʨʘʟʠʣʠʠ, 6% 

ʜʦʙʳʚʘʶʪ ʚ ʂʘʥʘʜʝ, ʠ ʦʩʪʘʣʴʥʳʝ 2% ʜʦʙʳʚʘʶʪ ʚ ʈʦʩʩʠʠ, ʂʠʪʘʝ ʠ ɸʬʨʠʢʝ [32]. ʇʦʤʠʤʦ TiNb2O7 

ʠʟʚʝʩʪʥʳ ʜʨʫʛʠʝ ʥʠʦʙʠʡʩʦʜʝʨʞʘʱʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦ ʩʭʦʞʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʦ ʜʨʫʛʦʛʦ ʩʦʩʪʘʚʘ 

(Ti2Nb10O29, TiNb24O62, FeNb11O29 ʠ ʜʨ.) [9, 10]. 

 

1.3.1. ʉʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ 

ɹʦʣʴʰʠʥʩʪʚʦ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʥʠʦʙʠʷ ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ (Wadsley-Roth) 

[14], ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʣʦʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʥʘ ʦʩʥʦʚʝ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ReO3 (ʈʠʩʫʥʦʢ 1.6) [33, 34]. ʊʘʢʠʝ ʬʘʟʳ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʩʠʩʪʝʤ TiO2ïNb2O5, 

P2O5ïNb2O5, V2O5ïNb2O5, Nb2O5 WO3 ʠ Nb2O5 MoO3. ʉʠʩʪʝʤʫ TiO2ïNb2O5 ʚʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʣʠ 

ʚ 1955 ʛʦʜʫ [35]. ɺ ʪʦ ʚʨʝʤʷ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʬʘʟʳ TiNb2O7 ʠ TiNb6O17. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣʠ ʨʝʰʝʥʳ ʚ 1961 ʛʦʜʫ [36, 37]. TiNb2O7 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ 

ʤʦʥʦʢʣʠʥʥʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ʩʠʤʤʝʪʨʠʠ (ʇɻʉ) C2/m [38] (ʚʦʟʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʨʫʛʠʭ ʮʝʥʪʨʠʨʦʚʦʢ A2/m [36] ʠ I2/m [39]). ʉʪʨʫʢʪʫʨʘ TiNb2O7 ʧʦʩʪʨʦʝʥʘ ʠʟ 

(3 Ĭ 3)Ð ʙʣʦʢʦʚ ʦʢʪʘʵʜʨʦʚ MO6 (ʈʠʩʫʥʦʢ 1.6ʙ) [36]. ʆʢʪʘʵʜʨʳ ʚʥʫʪʨʠ ʙʣʦʢʘ ʩʦʝʜʠʥʷʶʪʩʷ 

ʚʝʨʰʠʥʘʤʠ (ʧʦʜʦʙʥʦ ʩʪʨʫʢʪʫʨʥʦʤʫ ʪʠʧʫ ReO3), ʙʣʦʢʠ ʩʦʝʜʠʥʷʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ ʨʝʙʨʘʤʠ 

ʦʢʪʘʵʜʨʦʚ. 
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ʈʠʩʫʥʦʢ 1.6  ʄʦʜʝʣʠ ʩʪʨʫʢʪʫʨ ReO3 (ʘ) [33], TiNb2O7 (ʙ), m-Ti2Nb10O29 (ʚ), o-Ti2Nb10O29 (ʛ) [34] 

 

ɺ ʭʦʜʝ ʨʝʰʝʥʠʷ ʩʪʨʫʢʪʫʨʳ TiNb6O17 (TiO2Ā3Nb2O5), ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʩʦʩʪʘʚ ʷʚʣʷʝʪʩʷ 

ʥʝʢʦʨʨʝʢʪʥʳʤ, ʘ ʠʩʪʠʥʥʦ ʩʫʱʝʩʪʚʫʝʪ Ti2Nb10O29 [37]. ʉʫʱʝʩʪʚʫʶʪ ʜʚʝ ʧʦʣʠʤʦʨʬʥʳʝ 

ʤʦʜʠʬʠʢʘʮʠʠ Ti2Nb10O29: ʤʦʥʦʢʣʠʥʥʘ ̫(A2/m) ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʘʷ (Amma). ʉʪʨʫʢʪʫʨʳ ʦʙʝʠʭ ʬʘʟ 

ʧʦʩʪʨʦʝʥʳ ʠʟ (3 Ĭ 4)Ð ʙʣʦʢʦʚ ʠ ʨʘʟʣʠʯʘʶʪʩʷ ʦʥʠ ʧʦʨʷʜʢʦʤ ʨʘʩʧʦʣʦʞʝʥʠʷ ʙʣʦʢʦʚ (ʈʠʩʫʥʦʢ 1.6ʚ,ʛ). 

ʄʦʥʦʢʣʠʥʥʳʡ m-Ti2Nb10O29 ʧʦʣʫʯʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800ï1100Áʉ [40, 41]. ʌʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

ʠʟ ʤʦʥʦʢʣʠʥʥʦʛʦ m-Ti2Nb10O29 ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʡ o-Ti2Nb10O29 ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 1200ï1300Áʉ 

[40]. 

ʇʦʟʞʝ ʚ ʩʠʩʪʝʤʝ TiO2ïNb2O5 ʦʙʥʘʨʫʞʠʣʠ ʬʘʟʫ TiNb24O62 [42, 43]. TiNb24O62 

ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʤʦʥʦʢʣʠʥʥʦʡ ʩʠʥʛʦʥʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ʩʠʤʤʝʪʨʠʠ C2 [43]. ʂʘʢ 

ʠ ʚ ʩʣʫʯʘʝ Ti2Nb10O29, ʩʪʨʫʢʪʫʨʘ TiNb24O62 ʧʦʩʪʨʦʝʥʘ ʠʟ (3 x 4) ʙʣʦʢʦʚ, ʧʨʠ ʵʪʦʤ ʤʝʞʜʫ ʙʣʦʢʘʤʠ 

ʝʩʪʴ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ (ʈʠʩʫʥʦʢ 1.7ʘ). ʏʪʦʙʳ ʦʙʦʟʥʘʯʠʪʴ ʨʘʟʣʠʯʠʝ ʤʝʞʜʫ ʙʣʦʯʥʳʤʠ 

ʩʪʨʫʢʪʫʨʘʤʠ Ti2Nb10O29 ʠ TiNb24O62, ʚʚʦʜʷʪ ʧʦʜʩʪʨʦʯʥʳʡ ʠʥʜʝʢʩ, ʢʦʪʦʨʳʡ ʦʙʦʟʥʘʯʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʩʦʝʜʠʥʝʥʥʳʭ ʙʣʦʢʦʚ, ʦʪʜʝʣʝʥʥʳʭ ʤʝʞʜʫ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ [44, 45]. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʘ Ti2Nb10O29 ʦʙʦʟʥʘʯʘʝʪʩʷ (3 x 4)Ð, ʘ ʩʪʨʫʢʪʫʨʘ TiNb24O62 ʦʙʦʟʥʘʯʘʝʪʩʷ 

(3 Ĭ 4)2. ʇʦʭʦʞʠʤ ʦʙʨʘʟʦʤ ʫʩʪʨʦʝʥʘ ʩʪʨʫʢʪʫʨʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʦʛʦ, 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʠʤʦʨʬʘ H-Nb2O5, ʦʜʥʘʢʦ ʦʥʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʨʘʟʥʳʭ ʙʣʦʢʦʚ 

(3 Ĭ 4)1 + (3 Ĭ 5)Ð (ʈʠʩʫʥʦʢ 1.7ʙ) [14, 46]. 

 

 

ʈʠʩʫʥʦʢ 1.7  ʄʦʜʝʣʠ ʩʪʨʫʢʪʫʨ TiNb24O62 (ʘ) [43] ʠ H-Nb2O5 (ʙ) [46] 

 

ɺ ʩʠʩʪʝʤʝ TiO2ïNb2O5 ʜʦʩʪʦʚʝʨʥʦ ʠʟʚʝʩʪʥʳ ʬʘʟʳ TiNb2O7, Ti2Nb10O29 ʠ TiNb24O62 [44]. 

ʇʦʤʠʤʦ ʵʪʠʭ ʬʘʟ, ʝʩʪʴ ʬʘʟʘ Ti2Nb6O19, ʢʦʪʦʨʘʷ ʩʪʘʙʠʣʴʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1425Áʉ 

(ʈʠʩʫʥʦʢ 1.8) [44, 47], ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʡ ʜʦ ʩʠʭ ʧʦʨ ʥʝʠʟʚʝʩʪʥʘ [44]. ɽʩʪʴ ʩʚʝʜʝʥʠʷ ʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʠ TiNb38O97 ʠ TiNb52O132 [34], ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʬʘʟʘʤʠ ʧʨʦʨʘʩʪʘʥʠʷ (intergrowth 

structures), ʬʨʘʛʤʝʥʪʘʨʥʳʝ ʬʘʟʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʜʚʫʭ ʩʪʨʫʢʪʫʨʥʦ ʨʘʟʣʠʯʥʳʭ ʜʚʫʭʤʝʨʥʳʭ ʤʦʜʫʣʝʡ 

(ʩʪʨʦʠʪʝʣʴʥʳʭ ʩʣʦʝʚ) ʙʦʣʝʝ ʧʨʦʩʪʳʭ ʩʪʨʫʢʪʫʨ [48]. 
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ʈʠʩʫʥʦʢ 1.8  ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ TiO2ïNb2O5, ʩʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʦʙʦʟʥʘʯʝʥʳ 

ʜʦʩʪʦʚʝʨʥʳʝ ʜʘʥʥʳʝ, ʧʫʥʢʪʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʣʘʙʦ ʠʟʫʯʝʥʥʳʝ ʦʙʣʘʩʪʠ [44] 

 

ʉʪʨʫʢʪʫʨʳ TiNb38O97 ʠ TiNb52O132 ʧʦʩʪʨʦʝʥʳ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨ TiNb24O62 ʠ H- 

Nb2O5 (ʈʠʩʫʥʦʢ 1.9). ʊʘʢʠʝ ʬʘʟʳ ʥʝʣʴʟʷ ʚʳʜʝʣʠʪʴ ʚ ʯʠʩʪʦʤ ʚʠʜʝ, ʠʭ ʤʦʞʥʦ ʦʙʥʘʨʫʞʠʪʴ ʪʦʣʴʢʦ ʚ 

ʚʠʜʝ ʜʦʤʝʥʦʚ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ [49]. 
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ʈʠʩʫʥʦʢ 1.9  ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ TiNb24O62 (ʘ), ʬʨʘʛʤʝʥʪ ʩʪʨʫʢʪʫʨʳ TiNb24O62, ʦʙʦʟʥʘʯʝʥʥʳʡ 

ʙʫʢʚʦʡ C (ʙ), ʤʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ H-Nb2O5 (ʚ), ʬʨʘʛʤʝʥʪ ʩʪʨʫʢʪʫʨʳ H-Nb2O5 ʦʙʦʟʥʘʯʝʥʥʳʡ 

ʙʫʢʚʦʡ D (ʛ), ʤʦʜʝʣʠ ʩʪʨʫʢʪʫʨ TiNb38O97 (ʜ) ʠ TiNb52O132 (ʝ), ʧʦʩʪʨʦʝʥʥʳʝ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʉ 

(TiNb24O62) ʠ D (H-Nb2O5) [49] 

 

ɻʨʫʧʧʘ ʫʯʝʥʳʭ C.F. Lin ʩ ʩʦʘʚʪʦʨʘʤʠ [9, 50, 51] ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʦʥʠ ʦʪʢʨʳʣʠ ʥʦʚʳʝ 

ʭʠʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ TiNb6O17 [50] ʠ Ti2Nb14O39 [51] ʚ ʩʠʩʪʝʤʝ TiO2ïNb2O5, ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ ʢʦʪʦʨʳʭ ʩʭʦʞʠ ʩ m-Ti2Nb10O29, ʥʦ ʠʤʝʶʪ ʢʘʪʠʦʥʥʳʝ ʚʘʢʘʥʩʠʠ (VacTiǋǋǋǋ). 

 2Nb2O5 Ÿ 4NbTi
Å + VacTiǋǋǋǋ + 10 OO

Ĭ (1.17). 

C.P. Grey ʩ ʩʦʘʚʪʦʨʘʤʠ ʧʨʠ ʧʝʨʝʩʤʦʪʨʝ ʠ ʩʦʟʜʘʥʠʠ ʥʦʚʦʡ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʩʠʩʪʝʤʳ 

TiO2 Nb2O5 (ʈʠʩʫʥʦʢ 1.8) ʥʝ ʩʪʘʣʠ ʜʦʙʘʚʣʷʪʴ ʚ ʥʝʝ ʩʦʝʜʠʥʝʥʠʷ TiNb6O17 ʠ Ti2Nb14O39 ʠʟ-ʟʘ 

ʭʦʨʦʰʝʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ ʠʭ ʩʪʨʫʢʪʫʨ ʩ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʦʡ m-Ti2Nb10O29, ʦʪʩʫʪʩʪʚʠʷ ʜʘʥʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʥʘʣʠʯʠʷ ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʚ 

ʬʘʟʘʭ ʋʦʜʩʣʠ-ʈʦʪʘ [44]. 

ɺʚʠʜʫ ʩʭʦʞʝʩʪʠ ʩʪʨʫʢʪʫʨ, ʬʘʟʳ ʋʦʜʩʣʠ-ʈʦʪʘ ʠʤʝʶʪ ʟʘʢʦʥʦʤʝʨʥʦ ʩʭʦʞʠʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [9, 52]. ʂʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ TiNb2O7, Ti2Nb10O29 ʠ TiNb24O62 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ ʪʨʝʭ ʦʙʣʘʩʪʝʡ (ʈʠʩʫʥʦʢ 1.10) [30, 41, 44]. ʉʨʝʜʠ ʥʠʭ ʚʳʜʝʣʷʶʪ 

ʥʝʙʦʣʴʰʦʝ ʧʣʘʪʦ ʧʨʠ 1,6 ɺ ʦʪʥ. Li+/Li, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʚʫʭʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ 
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ʠʥʪʝʨʢʘʣʷʮʠʠ, ʚ ʦʩʪʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʶʪ ʥʘʢʣʦʥ, ʢʦʪʦʨʳʡ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 

 

 

ʈʠʩʫʥʦʢ 1.10 ï ʊʠʧʠʯʥʳʝ ʢʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ TiNb2O7 (ʘ) [30] m-Ti2Nb10O29 (ʙ) [41] ʠ 

TiNb24O62 ʚ ʩʨʘʚʥʝʥʠʠ ʩ H-Nb2O5 (ʚ) [44] 

 

ʆʙʥʘʨʫʞʠʪʴ ʜʚʝ ʬʘʟʳ ʧʨʠ 1,6 ɺ ʦʪʥ. Li+/Li  ʩ ʧʦʤʦʱʴʶ in situ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʦʨʦʰʢʦʚʦʡ 

ʜʠʬʨʘʢʮʠʠ ʩʣʦʞʥʦ. ʅʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ m-Ti2Nb10O29 ʜʚʫʭʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʠʥʪʝʨʢʘʣʷʮʠʠ ʥʝ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʧʨʠ ʩʢʦʨʦʩʪʠ ʮʠʢʣʠʨʦʚʘʥʠʷ ʉ/10 (ʈʠʩʫʥʦʢ 1.11ʘ), ʠ ʜʚʝ ʬʘʟʳ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 

ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʠ ʉ/40 (ʈʠʩʫʥʦʢ 1.11ʙ) [41]. B. Guo ʩ ʩʦʘʚʪʦʨʘʤʠ [53] ʫʪʚʝʨʞʜʘʣʠ, ʯʪʦ 

ʥʘʙʣʶʜʘʣʠ ʜʚʫʭʬʘʟʥʳʡ ʤʝʭʘʥʠʟʤ ʚ TiNb2O7, ʦʜʥʘʢʦ ʥʝ ʦʙʥʘʨʫʞʠʣʠ ʧʦʷʚʣʝʥʠʷ ʠʣʠ ʠʩʯʝʟʥʦʚʝʥʠʷ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ (ʈʠʩʫʥʦʢ 1.12ʘ). ʇʦʟʞʝ G. Yin ʩ ʩʦʘʚʪʦʨʘʤʠ [54] ʧʨʦʚʝʣʠ ʙʦʣʝʝ 

ʢʦʨʨʝʢʪʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʠ ʧʦʜʪʚʝʨʜʠʣʠ ʥʘʣʠʯʠʝ ʜʚʫʭ ʬʘʟ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ TiNb2O7 (ʈʠʩʫʥʦʢ 

1.12ʚ). ɸʥʘʣʦʛʠʯʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʥʘ ʜʚʝ ʬʘʟʳ ʥʘʙʣʶʜʘʣʠ ʠ ʜʣʷ TiNb24O62 (ʈʠʩʫʥʦʢ 1.13) [55]. 

 

 

ʈʠʩʫʥʦʢ 1.11 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ m-Ti2Nb10O29 ʧʨʠ ʩʢʦʨʦʩʪʠ ʉ/10 (ʘ), 

ʉ/40 (ʙ) [41] 
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ʈʠʩʫʥʦʢ 1.12 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ TiNb2O7 ʙʝʟ ʦʙʥʘʨʫʞʝʥʥʦʛʦ 

ʜʚʫʭʬʘʟʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ (ʘ) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʫʪʦʯʥʝʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʙ) [53], ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʳʡ in situ ʵʢʩʧʝʨʠʤʝʥʪ (ʚ), ʚ ʢʦʪʦʨʦʤ 

ʥʘʙʣʶʜʘʶʪ ʠʩʯʝʟʥʦʚʝʥʠʷ ʠ ʧʦʷʚʣʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʧʨʠ 1,6 ɺ ʦʪʥ. Li+/Li  ʧʣʘʪʦ 

(ʚʳʜʝʣʝʥʦ ʙʝʣʳʤ ʧʫʥʢʪʠʨʦʤ), ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʛ) [54] 
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ʈʠʩʫʥʦʢ 1.13 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ TiNb24O62 [55] 

 

ʅʘʙʣʶʜʘʝʤʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʧʦʜʘʚʣʷʶʱʝʛʦ 

ʙʦʣʴʰʠʥʩʪʚʘ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ ʥʝ ʷʚʣʷʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤʠ [52], ʩʪʨʫʢʪʫʨʳ ʦʩʪʘʶʪʩʷ ʪʝ ʞʝ 

ʩʘʤʳʤʠ, ʥʦ ʦʪʣʠʯʘʶʪʩʷ ʨʘʟʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ɼʣʷ ʨʘʟʥʳʭ ʫʯʘʩʪʢʦʚ 

ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʶʪ ʨʘʟʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʠʟʤʝʥʝʥʠʡ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʈʠʩʫʥʦʢ 

1.12ʛ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʠʪʠʷ ʦʜʥʦʟʥʘʯʥʦ ʥʘʙʣʶʜʘʶʪ ʤʦʥʦʪʦʥʥʳʡ ʨʦʩʪ ʧʘʨʘʤʝʪʨʘ 

b [53 57], ʢʦʪʦʨʳʡ ʥʘʧʨʘʚʣʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʩʝʯʝʥʠʷ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʙʣʦʢʦʚ, 

ʬʦʨʤʠʨʫʶʱʠʭ ʩʪʨʫʢʪʫʨʳ TiNb2O7, Ti2Nb10O29 ʠ TiNb24O62. ʄʦʥʦʪʦʥʥʦʩʪʴ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

a ʠ ʩ ʙʦʣʝʝ ʩʣʦʞʥʘʷ, ʠ ʥʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʩʯʠʪʘʶʪ, ʯʪʦ ʦʥʠ ʠʟʤʝʥʷʶʪʩʷ ʭʘʦʪʠʯʥʦ ʚ 

ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ [53, 55, 56]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʦʪʤʝʯʘʶʪ 

ʢʦʨʨʝʣʷʮʠʶ ʘʥʠʟʦʪʨʦʧʠʠ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʩ ʬʦʨʤʦʡ ʢʨʠʚʦʡ 

ʮʠʢʣʠʨʦʚʘʥʠʷ (ʈʠʩʫʥʦʢ 1.12ʛ, 1.14) [54, 58 62]. ɺ ʭʦʜʝ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʜʣʷ ʦʜʥʦʛʦ ʠʟ 

ʧʘʨʘʤʝʪʨʦʚ a ʠʣʠ c ʥʘʙʣʶʜʘʶʪ ʩʥʘʯʘʣʘ ʨʦʩʪ, ʟʘʪʝʤ ʩʥʠʞʝʥʠʝ, ʟʘʪʝʤ ʩʥʦʚʘ ʨʦʩʪ. ɸʥʘʣʦʛʠʯʥʦʝ 

ʷʚʣʝʥʠʝ ʥʘʙʣʶʜʘʣʠ ʜʣʷ ʜʨʫʛʠʭ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ, ʥʘʧʨʠʤʝʨ, FeNb11O29 [63], PNb9O25 [64] ʠ 

Nb12WO33 [65], ʜʣʷ ʢʦʪʦʨʳʭ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʧʦʜʨʦʙʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʘʥʠʟʦʪʨʦʧʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. 
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ʈʠʩʫʥʦʢ 1.14 ï ʀʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ m-Ti2Nb10O29 

(ʘ) [58] ʠ TiNb24O62 (ʙ) [59] 

 

ɺ ʩʪʨʫʢʪʫʨʝ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ ʦʢʪʘʵʜʨʳ, ʩʦʝʜʠʥʝʥʥʳʝ ʨʝʙʨʘʤʠ ʠ ʬʦʨʤʠʨʫʶʱʠʝ ʧʣʦʩʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ, ʠʟʥʘʯʘʣʴʥʦ ʠʩʢʘʞʝʥʳ (ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ [44, 

64, 65]), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʢʪʘʵʜʨʳ, ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʝʥʳ ʪʦʣʴʢʦ ʚʝʨʰʠʥʘʤʠ ʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʮʝʥʪʨʝ 

ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʙʣʦʢʘ ʦʢʪʘʵʜʨʦʚ, ʷʚʣʷʶʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʤʠ [66]. ʄʝʪʘʣʣʳ, ʩʦʩʪʘʚʣʷʶʱʠʝ ʬʘʟʳ 

ʋʦʜʩʣʠ-ʈʦʪʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʷʚʣʷʶʪʩʷ d0-ʢʘʪʠʦʥʘʤʠ (Ti4+, Nb5+, W6+). ʇʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ 

ʩʪʨʫʢʪʫʨʫ ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ. ʇʨʠ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

ʵʣʝʢʪʨʦʥʳ ʣʦʢʘʣʠʟʫʶʪʩʷ ʚ ʮʝʥʪʨʝ ʙʣʦʢʦʚ (ʈʠʩʫʥʦʢ 1.15ʘ) [67]. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʘʩʰʠʨʝʥʠʝ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʇʦʩʣʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠ ̫ʢʘʪʠʦʥʦʚ ʚ ʮʝʥʪʨʝ ʙʣʦʢʘ, 

ʥʘʯʠʥʘʶʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʩʷ ʢʘʪʠʦʥʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʠʩʢʘʞʝʥʥʳʭ ʦʢʪʘʵʜʨʘʭ ʠ ʬʦʨʤʠʨʫʶʱʠʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ ʩʜʚʠʛ (ʈʠʩʫʥʦʢ 1.15ʙ) [67]. ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʩʠʤʤʝʪʨʠʟʘʮʠʷ 

ʦʢʪʘʵʜʨʦʚ (ʈʠʩʫʥʦʢ 1.15ʚ), ʢʦʪʦʨʘ ̫ʧʨʠʚʦʜʠʪ ʢ ʩʞʘʪʠʶ ʩʝʯʝʥʠʷ ʙʣʦʢʘ (ʈʠʩʫʥʦʢ 1.15ʛ) [64]. 

ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʵʪʘ ʩʠʤʤʝʪʨʠʟʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʜʚʫʭʬʘʟʥʦʤ ʧʣʘʪʦ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʧʨʠ 1,6 ɺ 

ʦʪʥ. Li+/Li  ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ [63-65]. ʇʦʩʣʝ ʵʪʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʜʘʣʴʥʝʡʰʝʝ 

ʨʘʩʰʠʨʝʥʠʝ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ɼʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʙʳʣ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʜʣʷ PNb9O25 (ʈʠʩʫʥʦʢ 

1.15ʘʛ) [64], ʘʥʘʣʦʛʠʯʥʳʡ ʤʝʭʘʥʠʟʤ ʦʧʠʩʘʥ ʠ ʜʣʷ Nb12WO33 (ʈʠʩʫʥʦʢ 1.15ʜ) [65]. 

ʉʠʤʤʝʪʨʠʟʘʮʠʶ ʦʢʪʘʵʜʨʦʚ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ ʜʣʷ FeNb11O29 [63], ʢʦʪʦʨʳʡ ʠʟʦʩʪʨʫʢʪʫʨʝʥ 
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Ti2Nb10O29, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʘʥʠʟʦʪʨʦʧʠʷ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ TiNb2O7, Ti2Nb10O29 ʠ TiNb24O62 ʦʧʠʩʳʚʘʝʪʩʷ ʪʝʤ ʞʝ ʤʝʭʘʥʠʟʤʦʤ. 

 

 

ʈʠʩʫʥʦʢ 1.15 ï ʃʦʢʘʣʠʟʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʪʨʫʢʪʫʨʝ PNb9O25 ʧʨʠ ʥʠʟʢʦʡ (ʘ) ʠ ʚʳʩʦʢʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ (ʙ), ʩʠʤʤʝʪʨʠʟʘʮʠʷ ʦʢʪʘʵʜʨʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ 

ʩʜʚʠʛ (ʚ), ʘʥʠʟʦʪʨʦʧʠʷ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ 

ʬʘʟʳ ʋʦʜʩʣʠ-ʈʦʪʘ ʥʘ ʧʨʠʤʝʨʝ PNb9O25 (ʛ) [64], ʠ Nb12WO33 (ʜ) [65] 

 

ʉʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ ʷʚʣʷʶʪʩʷ ʠʟʦʣʷʪʦʨʘʤʠ, ʧʦʩʢʦʣʴʢʫ ʠʦʥʳ Ti4+ ʠ Nb5+ 

ʥʘʭʦʜʷʪʩʷ ʚ d0-ʢʦʥʬʠʛʫʨʘʮʠʠ, ʠ ʫ ʥʠʭ ʥʝʪ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ [68-70]. ʐʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ TiNb2O7 ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 3 ʵɺ [30, 71]. ɺʘʣʝʥʪʥʘʷ ʟʦʥʘ ʩʦʩʪʦʠʪ ʠʟ 2p ʩʦʩʪʦʷʥʠʡ ʢʠʩʣʦʨʦʜʘ. 

ɿʦʥʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩʦʩʪʦʠʪ ʠʟ d-ʩʦʩʪʦʷʥʠʡ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ [68, 72, 73] (ʈʠʩʫʥʦʢ 1.16ʘ). 

ʇʦʩʢʦʣʴʢʫ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ TiNb2O7 ʩʦʚʧʘʜʘʝʪ ʩ TiO2, ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʘ c O2- ʥʘ Ti4+, ʘ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ ʩ O2- ʥʘ Nb5+ ʪʨʝʙʫʝʪ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ 

[71]. ʇʦʵʪʦʤʫ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ ʥʘʯʠʥʘʝʪʩʷ ʩʥʘʯʘʣʘ 

ʩ Ti4+, ʘ ʟʘʪʝʤ - Nb5+, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʷ ʧʠʢʦʚ ʥʘ ʢʨʠʚʳʭ ʮʠʢʣʠʯʝʩʢʦʡ 

ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ (ʈʠʩʫʥʦʢ 1.16ʙ-ʛ) [30, 41, 74]. ʇʦʩʢʦʣʴʢʫ 3d-ʩʦʩʪʦʷʥʠʷ ʪʠʪʘʥʘ ʠ 4d-ʩʦʩʪʦʷʥʠʷ 

ʥʠʦʙʠʷ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʧʦ ʵʥʝʨʛʠʠ, ʥʘ ʢʨʠʚʳʭ ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʧʠʢʠ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʘʨʘʤ Ti4+/Ti3+ ʠ Nb5+/Nb4+, ʧʝʨʝʢʨʳʚʘʶʪʩʷ. ʇʦʵʪʦʤʫ B. Guo ʩ ʩʦʘʚʪʦʨʘʤʠ 

ʥʘʙʣʶʜʘʣʠ ʧʦʯʪʠ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ 

TiNb2O7 (ʈʠʩʫʥʦʢ 1.16ʜ,ʝ) [53]. 
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ʈʠʩʫʥʦʢ 1.16 ï ɿʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʜʣʷ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ (ʘ) [73], ʢʨʠʚʳʝ 

ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ ʜʣʷ TiNb2O7 (ʙ) [30], Ti2Nb10O29 (ʚ) [41] ʠ TiNb24O62 (ʛ) [74], in 

situ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʚʙʣʠʟʠ ʦʙʣʘʩʪʠ ʢʨʘʝʚʦʡ ʩʪʨʫʢʪʫʨʳ (XANES) ʜʣʷ 

TiNb2O7 (ʜ), ʠʟʤʝʥʝʥʠʝ ʩʪʝʧʝʥʝʡ ʦʢʠʩʣʝʥʠʷ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ ʚ ʭʦʜʝ ʨʘʟʨʷʜʘ TiNb2O7, ʠʩʭʦʜʷ ʠʟ 

XANES ʩʧʝʢʪʨʦʚ (ʝ) [53] 

 

ʇʨʠ ʥʝʙʦʣʴʰʦʤ ʩʦʜʝʨʞʘʥʠʠ ʣʠʪʠʷ (<1 Li ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ) ʵʣʝʢʪʨʦʥʳ ʚ TiNb2O7 

ʠʤʝʶʪ ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ ʭʘʨʘʢʪʝʨ (ʈʠʩʫʥʦʢ 1.17ʘ,ʙ) [75], ʘʥʘʣʦʛʠʯʥʦ PNb9O25 (ʈʠʩʫʥʦʢ 1.15ʘ) [64], 

Nb12WO33, Nb14W3O44 ʠ Nb16W5O55 [65]. ʇʨʠ ʙʦʣʴʰʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʣʠʪʠʷ, ʵʣʝʢʪʨʦʥʳ 

ʜʝʣʦʢʘʣʠʟʫʶʪʩʷ (ʈʠʩʫʥʦʢ 1.17ʚ), ʧʨʠ ɻʪʦʤ ʵʣʝʢʪʨʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ TiNb2O7 ʫʚʝʣʠʯʠʚʘʝʪʩʷ 
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ʧʦʯʪʠ ʥʘ ʩʝʤʴ ʧʦʨʷʜʢʦʚ ʠ ʩʪʘʥʦʚʠʪʩʷ ʢʚʘʟʠʤʝʪʘʣʣʠʯʝʩʢʦʡ (ʈʠʩʫʥʦʢ 1.17ʛ) [30, 75]. ʆʜʥʘʢʦ ʧʨʠ 

ʜʝʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʥʘ ʚʥʝʰʥʝʡ ʯʘʩʪʠ ʯʘʩʪʠʮ ʦʙʨʘʟʫʝʪʩʷ ʬʘʟʘ ʩ ʥʠʟʢʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʤʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚʦ ʚʨʝʤʷ ʟʘʨʷʜʘ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʧʨʦʚʦʜʷʱʠʭ ʜʦʙʘʚʦʢ ʚ ʵʣʝʢʪʨʦʜʝ (ʈʠʩʫʥʦʢ 1.17ʜ) [30]. 

 

 

ʈʠʩʫʥʦʢ 1.17 ï ʇʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʜʣʷ TiNb2O7: ʠʩʭʦʜʥʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʦʜʥʠʤ 

ʵʣʝʢʪʨʦʥʦʤ (ʘ), ʣʦʢʘʣʠʟʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʩʪʨʫʢʪʫʨʝ TiNb2O7 ʧʨʠ ʥʠʟʢʦʡ (ʙ) ʠ ʧʨʠ ʚʳʩʦʢʦʡ (ʚ) 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ [75], ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ TiNb2O7 ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʣʠʪʠʷ: 

(1) LiTiNb2O7, (2) Li 2TiNb2O7, (3) Li 3TiNb2O7, (4) Li 4TiNb2O7 (ʛ), ʟʘʨʷʜʥʦ-ʨʘʟʨʷʜʥʳʡ ʧʨʦʬʠʣʴ 

ʮʠʢʣʠʨʦʚʘʥʠʷ TiNb2O7 ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʫʛʣʝʨʦʜʘ ʚ ʵʣʝʢʪʨʦʜ (ʜ) [30] 

 

ɼʠʬʬʫʟʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʘʭ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʜʥʦʤʝʨʥʘʷ [55, 

75, 76]. ʃʠʪʠʡ ʜʚʠʞʝʪʩʷ ʧʦ ʪʫʥʥʝʣʷʤ ʤʝʞʜʫ ʦʢʪʘʵʜʨʘʤʠ (ʈʠʩʫʥʦʢ 1.18ʘ) [75]. ʇʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʘ 

ʢʨʦʩʩ-ʪʫʥʥʝʣʴʥʘʷ ʜʠʬʬʫʟʠʷ ʚ ʧʣʦʩʢʦʩʪʠ ʩʝʯʝʥʠʷ ʙʣʦʢʦʚ, ʢʦʪʦʨʘʷ ʦʛʨʘʥʠʯʝʥʘ ʧʣʦʩʢʦʩʪʷʤʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʠ ʚʦʟʤʦʞʥʘ ʪʦʣʴʢʦ ʚ ʧʨʝʜʝʣʘʭ ʙʣʦʢʘ ʩʪʨʫʢʪʫʨʳ (ʈʠʩʫʥʦʢ 1.18ʙ,ʚ). 
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ʈʠʩʫʥʦʢ 1.18 ï ɼʠʬʬʫʟʠʦʥʥʳʝ ʧʫʪʠ ʤʠʛʨʘʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʝ TiNb2O7 ʚʜʦʣʴ ʦʩʠ b (ʘ), 

ʢʨʦʩʩ-ʪʫʥʥʝʣʴʥʘʷ ʜʠʬʬʫʟʠʷ ʚ TiNb2O7 (ʙ), ʟʘʪʨʫʜʥʝʥʠʝ ʜʠʬʬʫʟʠʠ ʯʝʨʝʟ ʧʣʦʩʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ (ʚ) [75] 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʧʣʦʩʢʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ ʟʘʪʨʫʜʥʷʶʪ ʜʠʬʬʫʟʠʶ 

ʣʠʪʠʷ ʚ ʬʘʟʘʭ ʋʦʜʩʣʠ-ʈʦʪʘ, ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ [52], ʢʦʪʦʨʳʝ ʫʜʝʨʞʠʚʘʶʪ ʦʢʪʘʵʜʨʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ReO3 ʦʪ ʚʦʟʤʦʞʥʳʭ 

ʩʢʨʫʯʠʚʘʥʠʡ ʠ ʧʝʨʝʤʝʱʝʥʠʡ. ʀʥʪʝʨʢʘʣʷʮʠʷ ʣʠʪʠʷ ʚ ReO3 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʚʦʨʦʪʦʤ ʦʢʪʘʵʜʨʦʚ 

ʚʦʢʨʫʛ ʥʘʧʨʘʚʣʝʥʠʷ [111] (ʈʠʩʫʥʦʢ 1.19ʘ-ʙ) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ [77]. 

ʇʨʝʚʨʘʱʝʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʦʙʨʘʪʠʤʳʤ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʪʝʨʝ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ 

(ʪʝʨʷʝʪʩʷ 76% ʧʦʩʣʝ 50 ʮʠʢʣʦʚ) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ReO3 ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʃʀɸ 

[78]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʠʤʝʥʥʦ 

ʧʝʨʝʩʝʢʘʶʱʠʝʩʷ ʧʣʦʩʢʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ [52]. ʇʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ 

Nb3O7F, ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʦʡ ʧʦʩʪʨʦʝʥʘ ʠʟ 3 Ĭ Ð Ĭ Ð ʙʣʦʢʦʚ-ʩʣʦʝʚ ʦʢʪʘʵʜʨʦʚ (ʈʠʩʫʥʦʢ 1.19ʚ) [79], 

ʥʘʙʣʶʜʘʝʪʩʷ ʦʛʨʦʤʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʤʝʞʜʫ ʧʣʘʪʦ ʨʘʟʨʷʜʘ ʠ ʟʘʨʷʜʘ (ʈʠʩʫʥʦʢ 1.19ʛ), ʯʪʦ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʟʥʘʯʠʪʝʣʴʥʦʤ ʩʪʨʫʢʪʫʨʥʦʤ ʧʨʝʚʨʘʱʝʥʠʠ [52]. 
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ʈʠʩʫʥʦʢ 1.19 ï ʀʟʤʝʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ReO3 ʧʨʠ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ (ʘ), 

ʜʝʤʦʥʩʪʨʘʮʠʷ ʧʦʚʦʨʦʪʦʚ ʦʢʪʘʵʜʨʦʚ ʚʦʢʨʫʛ ʥʘʧʨʘʚʣʝʥʠʷ [111] ʩʪʨʫʢʪʫʨʳ ReO3 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʙ), ʟʘʰʪʨʠʭʦʚʘʥʥʳʤʠ ʪʨʝʫʛʦʣʴʥʠʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʛʨʘʥʠ ʦʢʪʘʵʜʨʦʚ 

ʚʳʰʝ ʧʣʦʩʢʦʩʪʠ ʨʠʩʫʥʢʘ, ʥʝʟʘʰʪʨʠʭʦʚʘʥʥʳʤʠ ï ʥʠʞʝ ʧʣʦʩʢʦʩʪʠ ʨʠʩʫʥʢʘ [77]; ʧʨʠʤʝʨ 

ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʧʣʦʩʢʦʩʪʝʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ, Nb3O7F (ʚ) [79], 

ʢʨʠʚʘʷ ʮʠʢʣʠʨʦʚʘʥʠʷ Nb3O7F (ʛ) [52] 

 

ʇʦʤʠʤʦ ʦʧʠʩʘʥʥʳʭ ʬʘʟ, ʩʫʱʝʩʪʚʫʝʪ ʩʦʝʜʠʥʝʥʠʝ Ti2Nb2O9, ʢʦʪʦʨʦʝ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʬʘʟʦʚʦʡ 

ʜʠʘʛʨʘʤʤʝ ʩʠʩʪʝʤʳ TiO2 Nb2O5 [80]. ʉʪʨʫʢʪʫʨʘ Ti2Nb2O9 ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʪʨʫʢʪʫʨ ʬʘʟ 

ʋʦʜʩʣʠ-ʈʦʪʘ ʠ ʩʭʦʞʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ KTiNb3O9 (ʈʠʩʫʥʦʢ 1.20) [80, 81]. 
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ʈʠʩʫʥʦʢ 1.20  ʄʝʭʘʥʠʟʤ ʜʝʛʠʜʨʘʪʘʮʠʠ HTiNbO5 (ʘ) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ Ti2Nb2O9 (ʙ), 

ʩʭʦʞʝʡ ʩʦ ʩʪʨʫʢʪʫʨʦʡ KTiNb3O9 (ʚ) [80] 

 

Ti2Nb2O9 ʤʦʞʥʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ATiNbO5 (A = H+, NH4
+), 

ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʣʫʯʘʶʪ ʧʫʪʝʤ ʠʦʥʥʦʛʦ ʦʙʤʝʥʘ ʠʟ KTiNbO5, ʧʦʣʫʯʘʝʤʦʛʦ 

ʪʨʘʜʠʮʠʦʥʥʳʤ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʠʟ K2CO3, TiO2 ʠ Nb2O5 [28, 80]. ʇʦʩʢʦʣʴʢʫ 

ʩʪʨʫʢʪʫʨʘ Ti2Nb2O9 ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦ ʜʨʫʛʠʝ. ɼʣʷ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ Ti2Nb2O9 ʥʝ ʭʘʨʘʢʪʝʨʥʦ 

ʥʘʣʠʯʠʝ ʜʚʫʭʬʘʟʥʦʛʦ ʧʣʘʪʦ ʧʨʠ 1,6 ɺ ʦʪʥ. Li+/Li  [28, 80, 82], ʢʘʢ ʵʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ TiNb2O7, 

Ti2Nb10O29 ʠ TiNb24O62, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʠʥʪʝʨʢʘʣʷʮʠʷ ʣʠʪʠʷ ʚ Ti2Nb2O9 ʧʨʦʪʝʢʘʝʪ 

ʧʦ ʦʜʥʦʬʘʟʥʦʤʫ ʤʝʭʘʥʠʟʤʫ (ʈʠʩʫʥʦʢ 1.21) [28, 80, 82]. 
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ʈʠʩʫʥʦʢ 1.21 ï ʊʠʧʠʯʥʘʷ ʨʘʟʨʷʜʥʦ-ʟʘʨʷʜʥʘʷ ʢʨʠʚʘʷ Ti2Nb2O9 (ʘ) [80], in situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ 

ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Ti2Nb2O9 (ʙ) [82] 

 

ʇʦʩʢʦʣʴʢʫ Ti2Nb2O9 ʥʝ ʧʦʟʚʦʣʷʝʪ ʚʤʝʱʘʪʴ ʚ ʩʚʦʶ ʩʪʨʫʢʪʫʨʫ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʦʥʦʚ 

ʣʠʪʠʷ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ ʧʨʠ ʮʠʢʣʠʨʦʚʘʥʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 1,0ï3,0 ɺ ʦʪʥ. Li +/Li , 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʧʘʨʘ Nb4+/Nb3+ ʜʣʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ [80], 

ʧʦʵʪʦʤʫ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 252 ʤɸʯ ʛ-1 [28]. J.-F. Colin ʩ ʩʦʘʚʪʦʨʘʤʠ ʚ ʩʚʦʝʡ 

ʧʠʦʥʝʨʩʢʦʡ ʨʘʙʦʪʝ [80] ʧʦʣʫʯʠʣʠ Ti2Nb2O9 ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʅTiNbO5 ʠ ʜʦʩʪʠʛʣʠ 

ʟʥʘʯʝʥʠʡ ʧʨʘʢʪʠʯʝʩʢʦʡ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 167 ʤɸʯ ʛ-1. ʆ.ɸ. ɼʨʦʞʞʠʥ ʩ 

ʩʦʘʚʪʦʨʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʤʤʦʥʠʝʚʳʡ ʧʨʝʢʫʨʩʦʨ Nʅ4TiNbO5 ʠ ʜʦʩʪʠʛʣʠ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ 200 

ʤɸʯ ʛ-1 [28]. Y. Zhou ʩ ʩʦʘʚʪʦʨʘʤʠ ʧʦʣʫʯʠʣʠ ʥʘʥʦʨʘʟʤʝʨʥʳʡ Ti2Nb2O9 ʠʟ ʧʨʝʢʫʨʩʦʨʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʟʦʣʴ-ʛʝʣʴ ʠ ʜʦʩʪʠʛʣʠ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ 230 ʤɸʯ ʛ-1 [82]. Y. Liang ʩ 

ʩʦʘʚʪʦʨʘʤʠ ʨʘʩʰʠʨʠʣʠ ʜʠʘʧʘʟʦʥ ʥʘʧʨʷʞʝʥʠʡ ʜʦ 0,01ï3,00 ɺ ʦʪʥ. Li+/Li  ʜʣʷ ʮʠʢʣʠʨʦʚʘʥʠʷ 

Ti2Nb2O9 ʠ ʜʦʩʪʠʛʣʠ ʟʥʘʯʝʥʠʷ ʝʤʢʦʩʪʠ 277 348 ʤɸʯ ʛ-1, ʧʨʝʚʳʰʘʶʱʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ 

[83]. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʦʙʦʯʥʳʭ ʨʝʘʢʮʠʡ ʵʣʝʢʪʨʦʜʘ ʩ ʵʣʝʢʪʨʦʣʠʪʦʤ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʥʠʞʝ 

1 ɺ ʦʪʥ. Li+/Li, ʚ ʵʣʝʢʪʨʦʣʠʪ ʜʦʙʘʚʠʣʠ ʬʪʦʨʵʪʠʣʝʥʢʘʨʙʦʥʘʪ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʳʡ 

ʧʦʜʭʦʜ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʜʣʷ Li 4Ti5O12, ʜʦʩʪʠʛʥʫʚ ʫʜʝʣʴʥʦʡ ʝʤʢʦʩʪʠ 250 ʤɸʯ ʛ-1. ʆʜʥʘʢʦ ʪʘʢʦʡ 
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ʧʦʜʭʦʜ ʚʳʟʳʚʘʝʪ ʤʘʣʦ ʠʥʪʝʨʝʩʘ ʫ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ [11], ʪʘʢ ʢʘʢ, ʯʪʦʙʳ ʜʦʙʠʪʴʩʷ ʪʘʢʠʭ ʝʤʢʦʩʪʝʡ ʚ 

ʧʦʣʥʦʡ ʷʯʝʡʢʝ ʥʫʞʥʦ ʜʦʩʪʠʛʘʪʴ ʛʣʫʙʦʢʦʛʦ ʟʘʨʷʜʘ, ʯʪʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʛʘʪʠʚʥʦ ʩʢʘʞʝʪʩʷ ʥʘ 

ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʠ ʙʝʟʦʧʘʩʥʦʩʪʴ ʘʢʢʫʤʫʣʷʪʦʨʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, Ti2Nb2O9 ʫʩʪʫʧʘʝʪ ʧʦ ʫʜʝʣʴʥʦʡ 

ʝʤʢʦʩʪʠ ʬʘʟʘʤ ʋʦʜʩʣʠ-ʈʦʪʘ TiNb2O7, Ti2Nb10O29 ʠ TiNb24O62, ʢʦʪʦʨʳʝ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʜʦʩʪʠʛʘʶʪ ʧʨʘʢʪʠʯʝʩʢʠʭ ʝʤʢʦʩʪʝʡ 250-280 ʤɸʯ ʛ-1 [30, 41, 44]. 

 

1.3.2. PNb9O25 ʠ ʝʛʦ ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʘʥʘʣʦʛʠ 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʦʤʠʤʦ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ ʠʟʚʝʩʪʥʳ ʘʥʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʥʘ ʦʩʥʦʚʝ PNb9O25 [14, 84, 85]. PNb9O25 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʩ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ʩʠʤʤʝʪʨʠʠ I4/m [86]. ɸʥʘʣʦʛʠʯʥʦ TiNb2O7, ʩʪʨʫʢʪʫʨʘ PNb9O25 

ʧʦʩʪʨʦʝʥʘ ʠʟ (3 Ĭ 3)Ð ʙʣʦʢʦʚ ʦʢʪʘʵʜʨʦʚ NbO6 (ʈʠʩʫʥʦʢ 1.15ʘ, 1.22ʘ) [67, 86, 87]. ʆʪʣʠʯʠʝ 

ʩʪʨʫʢʪʫʨʳ PNb9O25 ʦʪ TiNb2O7 ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ, ʢʦʪʦʨʳʝ 

ʟʘʥʠʤʘʶʪ ʘʪʦʤʳ ʬʦʩʬʦʨʘ. ʂʨʠʚʘʷ ʮʠʢʣʠʨʦʚʘʥʠ̫  PNb9O25 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʜʚʫʭ 

ʥʝʙʦʣʴʰʠʭ ʧʣʘʪʦ ʧʨʠ 1,62 ʠ 1,11 ɺ (ʈʠʩʫʥʦʢ 1.22ʙ) [84, 88]. 

 

 

ʈʠʩʫʥʦʢ 1.22 ï ʄʦʜʝʣʴ ʩʪʨʫʢʪʫʨʳ PNb9O25 (ʘ), ʪʠʧʠʯʥʘʷ ʢʨʠʚʘʷ ʮʠʢʣʠʨʦʚʘʥʠʷ PNb9O25 (ʙ) [88] 

 

ɺ ʦʙʣʘʩʪʠ ʵʪʠʭ ʜʚʫʭ ʧʣʘʪʦ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʜʝʣʝʥʠʝ ʥʘ ʜʚʝ ʬʘʟʳ (ʈʠʩʫʥʦʢ 1.23) [84, 88]. 

ʌʘʟʳ ʠʥʜʠʮʠʨʫʶʪʩʷ ʦʜʠʥʘʢʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩ ʨʘʟʣʠʯʘʶʱʠʤʠʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ (ʈʠʩʫʥʦʢ 1.23ʛ). ʈʘʩʯʝʪʳ A. Van der Ven ʩ ʩʦʘʚʪʦʨʘʤʠ [64] ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʪʠ ʬʘʟʳ 

ʨʘʟʣʠʯʘʶʪʩʷ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʝ (ʈʠʩʫʥʦʢ 1.23ʜ-ʞ). ʃʠʪʠʡ ʤʦʞʝʪ ʟʘʥʠʤʘʪʴ 

ʧʦʟʠʮʠʠ ʩ ʧʠʨʘʤʠʜʘʣʴʥʳʤ ʢʠʩʣʦʨʦʜʥʳʤ ʦʢʨʫʞʝʥʠʝʤ (Pe, Ps, Pc ʚ ʈʠʩʫʥʢʝ 1.23ʜ) ʠ ʧʦʟʠʮʠʠ ʩ 

ʢʚʘʜʨʘʪʥʳʤ ʢʠʩʣʦʨʦʜʥʳʤ ʦʢʨʫʞʝʥʠʝʤ (Wv, Wh ʚ ʈʠʩʫʥʢʝ 1.23ʜ). ʂʘʢ ʚʠʜʥʦ ʥʘ ʈʠʩʫʥʢʝ 1.23ʞ, 

ʟʘʩʝʣʝʥʥʦʩʪʴ ʥʝʢʦʪʦʨʳʭ ʧʦʟʠʮʠʡ ʤʦʞʝʪ ʨʝʟʢʦ ʤʝʥʷʪʴʩʷ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʜʚʫʭʬʘʟʥʳʭ ʦʙʣʘʩʪʝʡ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʣʘʪʦ ʥʘ ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ (ʈʠʩʫʥʢʝ 1.23ʝ). 
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ʈʠʩʫʥʦʢ 1.23 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ PNb9O25 (ʘ), ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ 

ʨʝʬʣʝʢʩʦʚ (101) (ʙ) ʠ (231) (ʚ), ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʛ) [88], ʧʦʟʠʮʠʠ 

ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʝ PNb9O25 (ʜ), ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʨʘʩʯʝʪʥʘʷ ʢʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʩ 

ʦʙʦʟʥʘʯʝʥʠʝʤ ʨʘʟʥʳʭ ʫʯʘʩʪʢʦʚ (e), ʟʘʩʝʣʝʥʥʦʩʪʠ ʧʦʟʠʮʠʡ ʣʠʪʠʷ ʜʣʷ ʵʪʠʭ ʫʯʘʩʪʢʦʚ (ʞ) [64] 

 

ʈʘʟʜʝʣʝʥʠʝ ʥʘ ʜʚʝ ʬʘʟʳ ʧʨʠ 1,62 ɺ ʧʣʘʪʦ ʠ ʨʝʟʢʫʶ ʩʤʝʥʫ ʟʘʩʝʣʝʥʥʦʩʪʠ ʠʦʥʦʚ ʣʠʪʠʷ 

ʩʚʷʟʳʚʘʶʪ ʩ ʩʠʤʤʝʪʨʠʟʘʮʠʝʡ ʦʢʪʘʵʜʨʦʚ ʧʨʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʢʘʪʠʦʥʦʚ Nb5+ (ʈʠʩʫʥʦʢ 1.15ʚ,ʛ) 

[64]. ɺ ʥʘʯʘʣʝ ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ ʚ PNb9O25 ʩʥʘʯʘʣʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʢʘʪʠʦʥʳ Nb5+, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʮʝʥʪʨʝ (3 Ĭ 3) ʙʣʦʢʘ (ʈʠʩʫʥʦʢ 1.15ʘ) [64, 67], ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʘʩʰʠʨʝʥʠʝ 
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ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a ʠ c (ʈʠʩʫʥʦʢ 1.23ʛ) [84, 88]. ɿʘʪʝʤ, ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 1,62 ɺ 

ʧʣʘʪʦ, ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʘʪʠʦʥʦʚ Nb5+, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʧʝʨʠʬʝʨʠʠ (3 Ĭ 3) ʙʣʦʢʦʚ 

(ʈʠʩʫʥʦʢ 1.15ʙ). ʆʢʪʘʵʜʨʳ ʚ ʧʝʨʠʬʝʨʠʠ ʙʣʦʢʦʚ ʠʟʥʘʯʘʣʴʥʦ ʠʩʢʘʞʝʥʳ (ʵʬʬʝʢʪ ʗʥʘ-ʊʝʣʣʝʨʘ 

ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ [44, 64, 65]) (ʈʠʩʫʥʦʢ 1.15ʚ). ʇʨʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ Nb5+ ʧʨʦʠʩʭʦʜʠʪ 

ʩʠʤʤʝʪʨʠʟʘʮʠʷ ʦʢʪʘʵʜʨʦʚ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʩʞʘʪʠʝ ʧʘʨʘʤʝʪʨʘ a ʠ ʨʘʩʰʠʨʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʩ [64, 84, 

88] (ʈʠʩʫʥʦʢ 1.15ʛ, 1.23ʛ). ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʪʘʢʘʷ ʞʝ ʘʥʠʟʦʪʨʦʧʠʷ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʭʘʨʘʢʪʝʨʥʘ ʠ ʜʣʷ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ, ʧʦʩʢʦʣʴʢʫ 

ʩʠʤʤʝʪʨʠʟʘʮʠʶ ʦʢʪʘʵʜʨʦʚ ʥʘʙʣʶʜʘʣʠ ʜʣʷ FeNb11O29 [63] ʠ Nb12WO33 (ʈʠʩʫʥʦʢ 1.15ʜ) [65]. ʇʨʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ Nb5+ ʥʘ ʧʝʨʠʬʝʨʠʠ ʙʣʦʢʦʚ ʵʣʝʢʪʨʦʥʳ ʜʝʣʦʢʘʣʠʟʫʶʪʩʷ (ʈʠʩʫʥʦʢ 1.15ʙ), ʠʟ-ʟʘ ʯʝʛʦ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʠʟ ʠʟʦʣʷʪʦʨʘ ʚ ʢʚʘʟʠʤʝʪʘʣʣʠʯʝʩʢʠʡ ʧʨʦʚʦʜʥʠʢ (ʈʠʩʫʥʦʢ 1.24) [67], 

ʘʥʘʣʦʛʠʯʥʦ TiNb2O7 [30, 75]. 

 

 

ʈʠʩʫʥʦʢ 1.24 ï ʇʝʨʝʭʦʜ PNb9O25 ʠʟ ʠʟʦʣʷʪʦʨʘ ʚ ʢʚʘʟʠʤʝʪʘʣʣʠʯʝʩʢʠʡ ʧʨʦʚʦʜʥʠʢ ʧʨʠ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʣʠʪʠʷ [67] 

 

ɺʪʦʨʦʝ ʧʣʘʪʦ ʧʨʠ 1,11 ɺ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʪʦʣʴʢʦ ʜʣʷ PNb9O25, ʠ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʦʥʦ 

ʩʚʷʟʘʥʦ ʩ ʟʘʧʦʣʥʝʥʠʝʤ ʘʪʦʤʘʤʠ ʣʠʪʠʷ ʧʦʟʠʮʠʡ ʩ ʢʚʘʜʨʘʪʥʳʤ ʢʠʩʣʦʨʦʜʥʳʤ ʦʢʨʫʞʝʥʠʝʤ (ʈʠʩʫʥʦʢ 

1.23ʞ) [64]. 

ʉʫʱʝʩʪʚʫʶʪ ʠʟʦʩʪʨʫʢʪʫʨʥʳʝ ʘʥʘʣʦʛʠ PNb9O25, ʪʘʢʠʝ ʢʘʢ VNb9O25, GeNb18O47, Nb2TaO15 ʠ 

AsNb9O25 [67, 84, 89]. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʜʣʷ VNb9O25 ʠ GeNb18O47 [52, 67, 84]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ VNb9O25 ʠʟʦʩʪʨʫʢʪʫʨʝʥ PNb9O25, ʝʛʦ 
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ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ (ʈʠʩʫʥʦʢ 1.25a) [52, 67, 84]. ʅʘ ʧʝʨʚʦʤ 

ʮʠʢʣʝ ʧʨʦʠʩʭʦʜʠʪ ʥʝʦʙʨʘʪʠʤʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ V5+ ʜʦ V3+, ʧʨʠ ʵʪʦʤ ʠʦʥʳ ʣʠʪʠʷ ʟʘʥʠʤʘʶʪ 

ʧʦʟʠʮʠʠ ʤʝʞʜʫ ʪʝʪʨʘʵʜʨʘʤʠ VO4 (ʦʙʦʟʥʘʯʝʥʳ R.J. Cava [52] ʢʘʢ ʧʫʩʪʦʪʳ VI ʪʠʧʘ) ʙʝʟ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʧʦʢʠʥʫʪʴ (ʈʠʩʫʥʦʢ 1.25ʙ) [90]. ʕʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʥʝʦʙʨʘʪʠʤʦʡ ʧʦʪʝʨʝ ʝʤʢʦʩʪʠ 

ʧʨʠʤʝʨʥʦ 60 ʤɸʯ ʛ-1 ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʮʠʢʣʘ (ʈʠʩʫʥʦʢ 1.25ʘ) [67, 90]. 

 

 

ʈʠʩʫʥʦʢ 1.25 ï ʉʨʘʚʥʝʥʠʝ ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ PNb9O25 ʠ VNb9O25 (a) [67], ʨʘʟʤʝʱʝʥʠʝ ʧʫʩʪʦʪ 

ʚ ʩʪʨʫʢʪʫʨʝ V(P)Nb9O25 ʩʦʛʣʘʩʥʦ R.J. Cava [52, 90] (ʙ), in situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ 

ʮʠʢʣʠʨʦʚʘʥʠʷ VNb9O25 (ʚ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʛ) 

[90] 

 

ʇʦʩʣʝ ʥʝʦʙʨʘʪʠʤʦʛʦ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ V5+ ʜʦ V3+ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʠʤʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ Nb5+ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ 

ʷʯʝʡʢʠ (ʈʠʩʫʥʦʢ 1.25ʚ,ʛ) [90], ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʜʨʫʛʠʭ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ [63, 67, 88]. 



38 

ʅʝʩʤʦʪʨʷ ʥʘ ʦʪʣʠʯʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ, ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ GeNb18O47 ʠʥʜʠʮʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʦʡ 

P(V)Nb9O25 [89]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ GeNb18O47 ʝʩʪʴ ʪʦʯʝʯʥʳʝ ʜʝʬʝʢʪʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚʙʣʠʟʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ (ʈʠʩʫʥʦʢ 1.26) [91]. 

 

 

ʈʠʩʫʥʦʢ 1.26 ï ɹʝʟʜʝʬʝʢʪʥʘʷ ʪʝʪʨʘʵʜʨʠʯʝʩʢʘʷ ʧʦʟʠʮʠʷ ʚ ʩʪʨʫʢʪʫʨʝ PNb9O25 (ʘ), ʜʝʬʝʢʪʳ ʚ ʚʠʜʝ 

ʧʘʨʳ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʦʜʥʦʤ ʫʨʦʚʥʝ (ʙ) ʠ ʥʘ ʨʘʟʥʦʤ (ʚ), 

ʨʘʟʤʝʱʝʥʠʝ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ GeNb18O47 (ʛ) [91] 

 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ GeNb18O47 ʜʦʩʪʦʚʝʨʥʦ ʥʝ ʠʟʫʯʝʥʳ. ʂʨʠʚʘʷ ʮʠʢʣʠʨʦʚʘʥʠʷ 

ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʭʦʞʘ ʩ PNb9O25 [84]. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʛʝʨʤʘʥʠʡ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʥʝʘʢʪʠʚʝʥ, ʠ 

ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʫʯʘʩʪʚʫʝʪ ʪʦʣʴʢʦ ʥʠʦʙʠʡ [92]. 

 

1.3.3. ʉʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʥʠʦʙʠʷ ʠ ʚʦʣʴʬʨʘʤʘ 

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʥʠʦʙʠʷ ʠ ʚʦʣʴʬʨʘʤʘ, ʢʦʪʦʨʳʝ 

ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥ  rʢʘʢ ʘʥʦʜʳ ʜʣʷ ʃʀɸ [10, 14, 27, 85]. ʉʪʨʫʢʪʫʨʳ ʚʩʝʭ ʬʘʟ ʚ ʩʠʩʪʝʤʝ Nb2O5ïWO3 

ʧʨʦʠʩʭʦʜʷʪ ʦʪ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ReO3 [93]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨ rReO3 

ʩʤʝʰʘʥʥʳʝ ʦʢʩʠʜʳ ʥʠʦʙʠʷ ʠ ʚʦʣʴʬʨʘʤʘ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʛʨʫʧʧʳ (ʈʠʩʫʥʦʢ 1.27) [93, 94]. 
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ʈʠʩʫʥʦʢ 1.27 ï  ʇʨʝʚʨʘʱʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʪʠʧʘ ReO3: ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʣʦʩʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ (ʘ), ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ ʠ ʬʘʟ ʄʘʛʥʝʣʠ, ʧʦʚʦʨʦʪ 

ʢʦʣʦʥʥʳ 2 Ĭ 2 ʦʢʪʘʵʜʨʦʚ ʥʘ 45 ʛʨʘʜʫʩʦʚ (ʙ), ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʚʦʣʴʬʨʘʤʦʚʳʭ ʙʨʦʥʟ, ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʝʥʪʘʛʦʥʘʣʴʥʳʭ (P) ʠ ʪʨʠʛʦʥʘʣʴʥʳʭ ʪʫʥʥʝʣʝʡ (T) ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʢʚʘʜʨʘʪʥʳʤ 

ʪʫʥʥʝʣʷʤ (S); ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ Nb2O5ïWO3 (ʚ), ʜʦʩʪʦʚʝʨʥʦ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ 

ʦʪʤʝʯʝʥʳ ʞʠʨʥʳʤ [93] 
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ʇʨʠ ʩʦʦʪʥʦʰʝʥʠʷʭ 2,5 Ò O/M < 2,67 (ʛʜʝ M = Nb, W), ʬʦʨʤʠʨʫʶʪʩʷ ʬʘʟʳ ʋʦʜʩʣʠ-ʈʦʪʘ 

[93]. ɼʦʩʪʦʚʝʨʥʦ ʠʟʫʯʝʥʳ ʩʪʨʫʢʪʫʨʳ ʧʷʪʠ ʬʘʟ: Nb12WO33 (C2), Nb26W4O77 (C2), Nb14W3O44 (I4/m), 

Nb16W5O55 (C2) ʠ Nb18W8O69 (Iτ) (ʈʠʩʫʥʦʢ 1.28) [93, 95 98]. 

 

 

ʈʠʩʫʥʦʢ 1.28 ï ʄʦʜʝʣʠ ʩʪʨʫʢʪʫʨ Nb12WO33 (ʘ) [97], Nb26W4O77 (ʙ) [98], Nb14W3O44 (ʚ), 

Nb16W5O55 (ʛ) ʠ Nb18W8O69 (ʜ) [97] 

 

ʉʪʨʫʢʪʫʨʳ ʵʪʠʭ ʬʘʟ ʨʘʟʣʠʯʘʶʪʩʷ ʨʘʟʤʝʨʘʤʠ ʙʣʦʢʦʚ: Nb12WO33, Nb14W3O44, Nb16W5O55 ʠ 

Nb18W8O69 ʩʬʦʨʤʠʨʦʚʘʥʳ ʠʟ ʙʣʦʢʦʚ ʨʘʟʤʝʨʦʤ (3 Ĭ 4), (4 Ĭ 4), (4 Ĭ 5) ʠ (5 Ĭ 5), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʈʠʩʫʥʦʢ 1.28) [93, 97]. ʉʪʨʫʢʪʫʨʘ Nb26W4O77 (ʈʠʩʫʥʦʢ 1.28ʙ) ʧʦʩʪʨʦʝʥʘ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨ 

Nb12WO33 ʠ Nb14W3O44 [98]. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʧʦʩʪʨʦʝʥʳ ʩʪʨʫʢʪʫʨʳ ʬʘʟ, ʙʣʠʟʢʠʝ ʢ 

30Nb2O5ĀWO3, ʪʘʢʠʝ ʢʘʢ Nb26WO68, Nb40WO103 ʠ Nb68WO173, ʥʦ ʦʥʠ ʩʦʩʪʦʷʪ ʠʟ ʩʣʦʝʚ ʩʪʨʫʢʪʫʨ 

Nb12WO33 ʠ H-Nb2O5 (ʈʠʩʫʥʦʢ 1.29), ʠ ʠʭ ʫʜʘʣʦʩʴ ʦʙʥʘʨʫʞʠʪʴ ʣʠʰʴ ʚ ʚʠʜʝ ʜʦʤʝʥʦʚ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ [99]. 
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ʈʠʩʫʥʦʢ 1.29 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ Nb12WO33 (ʘ) ʠ H-Nb2O5 (ʙ), ʩʪʨʫʢʪʫʨʥʳʝ ʩʣʦʠ çAè 

ʩʪʨʫʢʪʫʨʳ Nb12WO33 (ʚ) ʠ çBè ʩʪʨʫʢʪʫʨʳ H-Nb2O5 (ʛ), ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʦʝʚ çAè ʠ çBè ʜʣʷ 

ʜʦʤʝʥʦʚ Nb26WO68, Nb40WO103 ʠ Nb68WO173 (ʜ) [99] 

 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʣʠʪʠʝʚʳʭ ʧʦʣʫʷʯʝʡʢʘʭ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʳ ʜʣʷ Nb12WO33, 

Nb14W3O44 ʠ Nb16W5O55. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩʤʝʰʘʥʥʳʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ, ʢʨʠʚʳʝ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʤʝʶʪ ʩʭʦʞʠʡ ʚʠʜ ʩ ʥʘʣʠʯʠʝʤ ʭʘʨʘʢʪʝʨʥʦʛʦ ʧʣʘʪʦ ʧʨʠ 1,6 ï 1,7 

ɺ ʦʪʥ. Li+/Li  (ʈʠʩʫʥʦʢ 1.30) [100 103]. ʂʘʢ ʵʪʦ ʦʙʩʫʞʜʘʣʦʩʴ ʚ ʩʣʫʯʘʝ PNb9O25, ʧʣʘʪʦ ʥʘ ʢʨʠʚʳʭ 

ʮʠʢʣʠʨʦʚʘʥʠʷ ʩʚʷʟʘʥʦ ʩ ʩʠʤʤʝʪʨʠʟʘʮʠʝʡ ʦʢʪʘʵʜʨʦʚ, ʬʦʨʤʠʨʫʶʱʠʭ ʧʣʦʩʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʘʥʠʟʦʪʨʦʧʠʷ ʠʟʤʝʥʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʈʠʩʫʥʢʠ 1.15ʜ, 31, 32) [65, 102, 104]. ɼʦ ʧʣʘʪʦ ʧʨʠ 1,6ï1,7 ɺ ʨʘʙʦʪʘʝʪ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʧʘʨʘ W6+/W5+, ʥʘ ʩʘʤʦʤ ʧʣʘʪʦ ʨʘʙʦʪʘʝʪ ʧʘʨʘ Nb5+/Nb4+, ʥʠʞʝ 

ʦʩʪʘʚʰʝʡʩʷ ʦʙʣʘʩʪʠ ʢʨʠʚʦʡ ʮʠʢʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʘʶʪ ʧʘʨʳ W5+/W4+ ʠ Nb4+/Nb3+ [102, 104]. 
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ʈʠʩʫʥʦʢ 1.30 ï ʂʨʠʚʳʝ ʮʠʢʣʠʨʦʚʘʥʠʷ ʜʣʷ Nb12WO33, Nb14W3O44 ʠ Nb16W5O55 [103] 

 

 

ʈʠʩʫʥʦʢ 1.31 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Nb14W3O44 (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʙ) [104] 
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ʈʠʩʫʥʦʢ 1.32 ï In situ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʭʦʜʝ ʮʠʢʣʠʨʦʚʘʥʠʷ Nb16W5O55 (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʙ) [102] 

 

ʉʚʝʜʝʥʠʡ ʦʙ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ Nb26W4O77 ʠʟʚʝʩʪʥʦ ʤʘʣʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʘ 

ʢʨʠʚʳʭ ʮʠʢʣʠʨʦʚʘʥʠʷ Nb26W4O77 ʥʘʙʣʶʜʘʣʠ ʜʚʫʭʬʘʟʥʦʝ ʧʣʘʪʦ (ʈʠʩʫʥʦʢ 1.33) [105], ʭʘʨʘʢʪʝʨʥʦʝ 

ʜʣʷ ʜʨʫʛʠʭ ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ. 

 

 

ʈʠʩʫʥʦʢ 1.33 ï ʂʨʠʚʘʷ ʮʠʢʣʠʨʦʚʘʥʠʷ Nb26W4O77 [105] 

 

ɸʥʘʣʦʛʠʯʥʦ TiNb2O7 (ʈʠʩʫʥʦʢ 1.18) [75], ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʦʥʦʚ ʣʠʪʠʷ ʚ Nb12WO33, ʠ 

Nb14W3O44 ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʜʥʦʤʝʨʥʘʷ ʠ ʦʛʨʘʥʠʯʝʥʘ ʧʣʦʩʢʦʩʪʷʤʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ 
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ʩʜʚʠʛʘ (ʈʠʩʫʥʦʢ 1.34) [106]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʘʢʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʧʨʠʤʝʥʠʤʘ ʠ ʜʣʷ ʜʨʫʛʠʭ 

ʬʘʟ ʋʦʜʩʣʠ-ʈʦʪʘ [106]. 

 

 

ʈʠʩʫʥʦʢ 1.34 ï ʇʫʪʠ ʠ ʙʘʨʴʝʨʳ ʤʠʛʨʘʮʠʠ ʠʦʥʦʚ ʣʠʪʠʷ ʚ ʩʪʨʫʢʪʫʨʝ Nb12WO33 (ʘ) ʠ Nb14W3O44 

(ʙ), ʟʝʣʝʥʳʤ ʦʙʦʟʥʘʯʝʥʳ ʧʫʪʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʝʨʢʦʣʷʮʠʦʥʥʫʶ ʩʝʪʴ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʨʘʩʥʳʤ 

ʦʙʦʟʥʘʯʝʥʳ ʟʘʪʨʫʜʥʝʥʥʳʝ ʧʫʪʠ [106] 

 

C.P. Ko­er ʩ ʩʦʘʚʪʦʨʘʤʠ [106] ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ (m Ĭ n) ʙʣʦʢʘ ʚ 

ʩʪʨʫʢʪʫʨʝ ʬʘʟʳ ʋʦʜʩʣʠ-ʈʦʪʘ, ʫʣʫʯʰʘʝʪʩʷ ʜʠʬʬʫʟʠʷ ʣʠʪʠʷ. ʇʦʟʞʝ ʵʪʘ ʛʠʧʦʪʝʟʘ ʙʳʣʘ 




