
 

 

185 

Металлургия и материаловедение

DOI: 10.18721/JEST.24418 

УДК 621.355 

А.Г. Морачевский, А.А. Попович, А.И. Демидов 

Санкт-Петербургский политехнический университет Петра Великого,  

Санкт-Петербург, Россия 

ПЕРСПЕКТИВНЫЕ АНОДНЫЕ МАТЕРИАЛЫ  
ДЛЯ НАТРИЙ-ИОННЫХ АККУМУЛЯТОРОВ 

В ́̇˷̉́̅̃ ̅˸˾̅̇˼ ̇˷̈̈̃̅̉̇˼̄̒ ̅̆̊˸̂˿́̅˹˷̄̄̒˼ ̆̇˼˿̃̊̐˼̈̉˹˼̄̄̅ ˹ 2012–2017 ˺̅˻˷̌ ̆̅̎̉˿ ˿̈-

́̂̎̕˿̉˼̂̓̄̅ ˹ ˾˷̇̊˸˼˽̄̒̌ ˽̊̇̄˷̂˷̌ ̇˼˾̊̂̓̉˷̉̒ ˿̈̈̂˼˻̅˹˷̄˿̀, ̆̅̈˹̖̐˼̄̄̒̌ ˷̄̅˻̄̒̃ ̃˷̉˼̇˿˷-

̂˷̃ ˻̖̂ ̄˷̉̇˿̀-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. В˹˿˻̊ ̅˺̇̅̃̄̅˺̅ ̆̅̉̅́˷ ̇˷˸̅̉ ˹ ̔̉̅̀ ̅˸̂˷̈̉˿ ̃̒ ˹̒̄̊-

˽˻˼̄̒ ̈̈̒̂˷̖̉̓̈ ̆̇˼˽˻˼ ˹̈˼˺̅ ̄˷ ̈̉˷̉̓˿ ̅˸̅˸̐˷̐̕˼˺̅ ̌˷̇˷́̉˼̇˷, ̂˿̏̓ ˹ ̅̉˻˼̂̓̄̒̌ ̈̂̊̎˷̖̌ 

̊́˷˾̒˹˷̖ ̅̇˿˺˿̄˷̂̓̄̒˼ ̇˷˸̅̉̒. ˦̇˿̄̍˿̆ ̇˷˸̅̉̒ ̄˷̉̇˿̀-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹ ̉̅̉ ˽˼, ̎̉̅ ˿ 

̂˿̉˿̀-˿̅̄̄̒̌: ˹ ̆̇̅̍˼̈̈˼ ˾˷̖̇˻˷ ̉˷́̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ˿̅̄̒ ̄˷̉̇˿̖ ˿˾ ̃˷̉˼̇˿˷̂˷ ̆̅̂̅˽˿̉˼̂̓-

̄̅˺̅ ̔̂˼́̉̇̅˻˷ (́˷̉̅˻˷) ̆˼̇˼̌̅˻̖̉ ˹ ̔̂˼́̉̇̅̂˿̉, ˾˷̉˼̃ ˹˾˷˿̃̅˻˼̀̈̉˹̊̉̕ ̈ ̃˷̉˼̇˿˷̂̅̃ ̅̉̇˿̍˷-

̉˼̂̓̄̅˺̅ ̔̂˼́̉̇̅˻˷ (˷̄̅˻˷). ˦̇˿ ̇˷˾̖̇˻˼ ̆̇̅̉˼́˷̉̕ ̅˸̇˷̉̄̒˼ ̆̇̅̍˼̈̈̒. ˚̂˷˹̄̅˼ ˻̅̈̉̅˿̄̈̉˹̅ 

̄˷̉̇˿̀-˿̅̄̄̅˺̅ ˷̖́́̊̃̊̂̉̅̇˷ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ̂˿̉˿̀-˿̅̄̄̒̃ ˾˷́̂̎̕˷˼̖̉̈ ˹ ˻˼̏˼˹˿˾̄˼ ˿̈̌̅˻-

̄̒̌ ̃˷̉˼̇˿˷̂̅˹, ˿̌ ̏˿̇̅́̅̀ ˻̅̈̉̊̆̄̅̈̉˿. ˥˻̄˷́̅ ˿̃˼̖̉̈̕ ˿ ̉̇̊˻̄̅̈̉˿, ̈˹̖˾˷̄̄̒˼ ̆̇˼˽˻˼ ˹̈˼-

˺̅ ̈ ˸о̂̓̏˿̃ ̇˷˾̃˼̇̅̃ ˿̅̄̅˹ ̄˷̉̇˿̖. В ̇˷˸̅̉˼ ̇˷̈̈̃̅̉̇˼̄̒ ̆˼̇̈̆˼́̉˿˹̄̒˼ ˷̄̅˻̄̒˼ ̃˷̉˼̇˿˷̂̒ 

̇˷˾̂˿̎̄̒̌ ̉˿̆̅˹. 

ǪȋȞȗȅвțȅ ȑȋȎва: ̄˷̉̇˿̀-˿̅̄̄̒˼ ˷̖́́̊̃̊̂̉̅̇̒, ˷̄̅˻̄̒˼ ̃˷̉˼̇˿˷̂̒, ̔̂˼́̉̇̅˻̄̒˼ ̆̇̅̍˼̈̈̒. 
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PROMISING ANODE MATERIALS FOR SODIUM-ION BATTERIES 

The brief review considers the findings of the studies dedicated to anode materials for sodium-ion batteries 

published mainly in 2012–2017 almost exclusively in foreign periodicals. Due to a huge amount of studies in 

this area, we have primarily considered review papers, citing only a few original works. The principle of op-

eration of sodium-ion batteries is the same as lithium-ion batteries: as the battery is charging, sodium ions 

from the material of the positive electrode (cathode) pass into the electrolyte and then interact with the ma-

terial of the negative electrode (anode). Reverse processes occur during discharge. The main advantage of 

sodium-ion battery in comparison with the lithium-ion battery is the low cost of raw materials and their 

wide availability. However, there are also difficulties associated primarily with the large size of sodium ions. 

Perspective anodic materials of different types are considered in the study. 
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В ̆̇̅˻̅̂˽˼̄˿˼ ̇˷̄˼˼ ̅̆̊˸̂˿́̅˹˷̄̄̒̌ ̅˸-

˾̅̇̅˹ ̅ ̆̇˿̃˼̄˼̄˿˿ ̂˿̉˿̖ ˿ ̄˷̉̇˿̖ ˹ ̈˿̈̉˼̃˷̌ 

̆̇˼̅˸̇˷˾̅˹˷̄˿̖ ̔̄˼̇˺˿˿ [1, 2] ˹ ˻˷̄̄̅̀ ̇˷˸̅̉˼ 
̅˸̈̊˽˻˷̖̉̈̕ ˿̈̈̂˼˻̅˹˷̄˿̖ ̈˷̃̒̌ ̆̅̈̂˼˻̄˿̌ 

̂˼̉ ˹ ̅˸̂˷̈̉˿ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̄˷̉̇˿̀-

˿̅̄̄̒̌ (Na-˿̅̄̄̒̌) ˷̖́́̊̃̊̂̉̅̇̅˹. ˚̂˷˹̄̒̃ 

˻̅̈̉̅˿̄̈̉˹̅̃ Na-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹, ́˷́ 

˿ ˻̇̊˺˿̌ ̌˿̃˿̎˼̈́˿̌ ˿̈̉̅̎̄˿́̅˹ ̉̅́˷ (ˬ˟˩) ̈ 
̄˷̉̇˿˼˹̒̃ ˷̄̅˻̅̃, ̖˹̖̂˼̖̉̈ ˻̅̈̉̊̆̄̅̈̉̓ ˿, 

̈̅̅̉˹˼̉̈̉˹˼̄̄̅, ˻˼̏˼˹˿˾̄˷ ˿̈̌̅˻̄̒̌ ̃˷̉˼-
̇˿˷̂̅˹. ˢ˿̉˿̀ ̆̅ ̈˹̅˼̀ ̇˷̈̆̇̅̈̉̇˷̄˼̄̄̅̈̉˿ ˹ 

˾˼̃̄̅̀ ́̅̇˼ (1,810
3 % ̆̅ ̃˷̈̈˼) ̅̉̄̅̈˿̖̉̈ ́ 

̎˿̈̂̊ ̇˼˻́˿̌ ̃˼̉˷̂̂̅˹. ˤ˷̉̇˿̀ (2,27 %) – ̖̆-

̉̒̀ ˿˾ ̎˿̈̂˷ ̄˷˿˸̅̂˼˼ ̇˷̈̆̇̅̈̉̇˷̄˼̄̄̒̌ ̃˼-
̉˷̂̂̅˹ ˾˼̃̄̅̀ ́̅̇̒ [3]. ˦̇˿ ̈̅˹̇˼̃˼̄̄̒̌ 
̃˷̈̏̉˷˸˷̌ ̆̅̉̇˼˸̂˼̄˿̖ ̂˿̉˿̖ ˿ ˼˺̅ ̈̅˼˻˿̄˼-
̄˿̀ ̆̇˿̇̅˻̄̒̌ ˾˷̆˷̈̅˹ ̌˹˷̉˿̉ ̉̅̂̓́̅ ̄˷ 

150 ̂˼̉. ˭˼̄˷ ̄˷ ̄˷˿˸̅̂˼˼ ̇˷̈̆̇̅̈̉̇˷̄˼̄̄̅˼ 
̈̅˼˻˿̄˼̄˿˼ ̂˿̉˿̖ – ˼˺̅ ́˷̇˸̅̄˷̉ – ̈̅̈̉˷˹̖̂˼̉ 
4,11–4,49 € ́˺. ˨̉̅˿̃̅̈̉̓ ́˷̇˸̅̄˷̉˷ ̄˷̉̇˿̖ 

̂˼˽˿̉ ˹ ̆̇˼˻˼̂˷̌ ̅̉ 0,07 ˻̅ 0,37 €́˺ [4]. 

˫˿˾˿̎˼̈́˿˼ ˿ ̌˿̃˿̎˼̈́˿˼ ̈˹̅̀̈̉˹˷ ̂˿̉˿̖ 

˿ ̄˷̉̇˿̖ ̈̅̆̅̈̉˷˹̂˼̄̒ ˹ ̃̅̄̅˺̇˷̋˿˿ [3]. ˛̖̂ 

̆̇̅̍˼̈̈̅˹ ˹̄˼˻̇˼̄˿̖ (˿̄̉˼̇́˷̖̂̍˿˿) ˹˷˽˼̄ 

̇˷˻˿̊̈ ˿̅̄˷. ˦̇˿ ́̅̅̇˻˿̄˷̍˿̅̄̄̅̃ ̎˿̈̂˼ 6 

̅̄ ̈̅̈̉˷˹̖̂˼̉ ˻̖̂ ̂˿̉˿̖ 0,076 ̄̃, ˷ ˻̖̂ ̄˷-
̉̇˿̖ – 0,102 ̄̃, ̉.˼. ˸̅̂̓̏˼ ̆̅̎̉˿ ̄˷ 35 %. Э̉̅ 

̆̇˿˹̅˻˿̉ ́ ˸̅̂˼˼ ̃˼˻̂˼̄̄̅̃̊ ̆˼̇˼̃˼̐˼̄˿̕ 

˿̅̄̅˹ ̄˷̉̇˿̖ ˹ ̔̂˼́̉̇̅̂˿̉˼, ˷ ˺̂˷˹̄̅˼, ˾˷̉̇̊˻-

̖̄˼̉ ˿̌ ˹̈̉̇˷˿˹˷̄˿˼ ˹ ́̇˿̈̉˷̂̂˿̎˼̈́̊̕ ̇˼̏ё̉-
́̊ ̃˷̉˼̇˿˷̂˷ ̔̂˼́̉̇̅˻̅˹. ˤ˷̉̇˿̀ ̖̉˽˼̂˼˼, ̎˼̃ 

̂˿̉˿̀ (̈̅̅̉˹˼̉̈̉˹˼̄̄̅ 23 ˿ 6,9 ˺̃̅̂̓), ˿̃˼˼̉ 
˸̅̂˼˼ ˹̒̈̅́˿̀ ̈̉˷̄˻˷̇̉̄̒̀ ̆̅̉˼̄̍˿˷̂ ̆̅ ˹̅-

˻̅̇̅˻̄̅̀ ̏́˷̂˼ (2,71 В ̊ ̄˷̉̇˿̖ ˿ 3,02 В 

̊ ̂˿̉˿̖). Э̂˼́̉̇˿̎˼̈́˷̖ ё̃́̅̈̉̓ ˻̖̂ ̄˷̉̇˿̖ 

̈̅̈̉˷˹̖̂˼̉ 1,16, ˷ ˻̖̂ ̂˿̉˿̖ – 3,86 А̎˺. 
˥̈̄̅˹̄̒˼ ̈˹˼˻˼̄˿̖ ̅ ̈̅˹̇˼̃˼̄̄̅̃ ̖̈̅̈̉̅-

̄˿˿ ˿ ̄˷̆̇˷˹̂˼̄˿̖̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ̔̂˼́̉̇̅˻̄̒̌ 
̃˷̉˼̇˿˷̂̅˹ ˿ ̔̂˼́̉̇̅̂˿̉˷ ˻̖̂ Na-˿̅̄̄̒̌ ˷́-

̖́̊̃̊̂̉̅̇̅˹, ̆˼̇̈̆˼́̉˿˹˷̌ ˿̌ ́̅̃̃˼̇̍˿˷̂˿˾˷-
̍˿˿ ̈̅˻˼̇˽˷̖̉̈ ˹ ̇˷˸̅̉˷̌ [4–9]. ˤ˷˿˸̅̂˼˼ ˿̄-

̋̅̇̃˷̉˿˹̄̒̃˿ ̄˷̃ ̆̇˼˻̈̉˷˹̖̖̂̉̈̕ ˻˹˷ ̅˸˾̅̇˷. 
В ̆˼̇˹̅̃ ˿˾ ̄˿̌ – «˟̈̈̂˼˻̅˹˷̄˿˼ ̇˷˾˹˿̉˿̖ ̄˷-
̉̇˿̀-˿̅̄̒̌ ˸˷̉˷̇˼̀» [6] (˶̆̅̄˿̖, ̊̄˿˹˼̇̈˿̉˼-

̉̒ ˩̅́˿̅ ˿ К˿̅̉̅, 2014 ˺.) – ̈̅˻˼̇˽˿̖̉̈ 396 

̈̈̒̂̅́ ̄˷ ̅̇˿˺˿˷̂̓̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖, ̆̇˿̎ё̃ 

75 % ̈̈̒̂̅́ ̄˷ ̇˷˸̅̉̒, ̅̆̊˸̂˿́̅˹˷̄̄̒˼ ˹ XXI 

˹˼́˼, ̆̇˼˿̃̊̐˼̈̉˹˼̄̄̅ ̆̅̈̂˼ 2012 ˺̅˻˷. В ˻̇̊-
˺̅̃ ̅˸˾̅̇˼ – «ˤ˷̉̇˿̀-˿̅̄̄̒˼ ˸˷̉˷̇˼˿: ̄˷-
̖̈̉̅̐˼˼ ˿ ˸̊˻̊̐˼˼» [9] (˵˽̄˷̖ К̅̇˼̖, ˨˼̊̂ 

2017 ˺.) – ̆̇˿˹̅˻̖̖̉̈ ̈̈̒̂́˿ ̄˷ 643 ̇˷˸̅̉̒, 

̈˹̒̏˼ 93 % ̈̈̒̂̅́ ̄˷ ˿̈̈̂˼˻̅˹˷̄˿̖, ˹̒̆̅̂-

̄˼̄̄̒˼ ˹ XXI ˹˼́˼, ̃̄̅˺̅ ̈̈̒̂̅́ ̄˷ ̇˷˸̅̉̒ 

2015–2017 ˺˺. ˛̖̂ ̆̇˼˻˹˷̇˿̉˼̂̓̄̅˺̅ ̅˾̄˷́̅̃-

̂˼̄˿̖ ̈ ̅˸̐˿̃ ̖̈̅̈̉̅̄˿˼̃ ̆̇̅˸̂˼̃̒ ̊˻̅˸˼̄ 

̅˸˾̅̇ ̇̅̈̈˿̀̈́˿̌ ˷˹̉̅̇̅˹ [8]. 

А̄̅˻̄̒˼ ̃˷̉˼̇˿˷̂̒ ˻̅˹̅̂̓̄̅ ̇˷˾̄̅̅˸̇˷˾-
̄̒, ˿ ́̂˷̈̈˿̋˿̍˿̇̅˹˷̉̓ ˿̌ ̃̅˽̄̅ ̂˿˸̅ ̆̅ ̌˿-

̃˿̎˼̈́˿̃ ̆̇˿˾̄˷́˷̃ ̃˷̉˼̇˿˷̂̅˹ (̊˺̂˼̇̅˻̄̒˼ 
̃˷̉˼̇˿˷̂̒, ̃˼̉˷̂̂̒ ˿ ̈̆̂˷˹̒, ̅́̈˿˻̒, ̈̊̂̓̋˿-

˻̒ ˿ ̉. ˻.) [6, 8], ̂˿˸̅ ̆̅ ̌˷̇˷́̉˼̇̊ ˹˾˷˿̃̅˻˼̀-

̈̉˹˿̖ ˿̅̄̅˹ ̄˷̉̇˿̖ ̈ ̃˷̉˼̇˿˷̂̅̃ ˷̄̅˻˷ [9]. 

В̉̅̇̅̀ ˹˿˻ ́̂˷̈̈˿̋˿́˷̍˿˿ ˸̅̂˼˼ ̆̇˼˻̆̅̎̉˿̉˼-
̂˼̄. В ̔̉̅̃ ̈̂̊̎˷˼ ˻̖̂ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ˹̒-

˻˼̖̂̉̕: ̇˼˷́̍˿˿ ˹̄˼˻̇˼̄˿̖, ̇˼˷́̍˿˿ ́̅̄˹˼̇-

̈˿˿, ̆̇̅̍˼̈̈̒ ̈̆̂˷˹̅̅˸̇˷˾̅˹˷̄˿̖. 

К ̎˿̈̂̊ ˷̄̅˻̅˹, ̄˷ ́̅̉̅̇̒̌ ̇˼˷̂˿˾̊˼̖̉̈ 

ȏȐȎȖȅȑȑ вȍȅȄȐȅȍȈȟ ȈȎȍȎв ȍаȒȐȈȟ (Insertion mate-

rials), ̖̅̉̄̅̈̉, ̆̇˼˽˻˼ ˹̈˼˺̅, ̊˺̂˼̇̅˻̈̅˻˼̇˽˷-
̐˿˼ ̃˷̉˼̇˿˷̂̒, ˷ ̉˷́˽˼ ˻˿̅́̈˿˻ ̉˿̉˷̄˷ ˿ ̅̎˼̄̓ 

̇˷˾̄̅̅˸̇˷˾̄̒˼ ˼˺̅ ̆̇̅˿˾˹̅˻̄̒˼ (̉˿̉˷̄˷̉̒). 

В˾˷˿̃̅˻˼̀̈̉˹˿˼ ̄˷̉̇˿̖ ̈ ̇˷˾̂˿̎̄̒̃˿ 

̋̅̇̃˷̃˿ ̊˺̂˼̇̅˻˷ ̆̅˻̇̅˸̄̅ ˿˾̊̎˼̄̅ ˹̅ ̃̄̅-

˺˿̌ ̔́̈̆˼̇˿̃˼̄̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̖̌, ˹́̂̕-

̎˷̖ ˹̒̆̅̂̄˼̄̄̒˼ ˹ ̈˷̃̒˼ ̆̅̈̂˼˻̄˿˼ ˺̅˻̒ [9]. 

˟̅̄̒ ̄˷̉̇˿̖, ˹ ̅̉̂˿̎˿˼ ̅̉ ˿̅̄̅˹ ̂˿̉˿̖, ˿˾-˾˷ 
̈˹̅˿̌ ̇˷˾̃˼̇̅˹ ̄˼ ̃̅˺̊̉ ˹̄˼˻̇˿̖̉̓̈ ˹ ́̇˿-

̈̉˷̂̂˿̎˼̈́̊̕ ̇˼̏ё̉́̊ ˺̇˷̋˿̉˷, ̅˻̄˷́̅ ˹̄˼-
˻̖̖̇̉̈̕ ˹ ̃˼̄˼˼ ̖̊̆̅̇˻̅̎˼̄̄̒˼ ̋̅̇̃̒ ̉˹ё̇-

˻̅˺̅ ̊˺̂˼̇̅˻˷. ˦̇˿ ̔̉̅̃ ̅̉̃˼̎˼̄̅ ̈̊̐˼̈̉˹˼̄-

̄̅˼ ˹̂˿̖̄˿˼ ̄˷ ̆̇̅̍˼̈̈ ˹̄˼˻̇˼̄˿̖ ̆̇˿̇̅˻̒ 

̔̂˼́̉̇̅̂˿̉˷ [10], ̈̅˻˼̇˽˷̐˼˺̅ ˿̅̄̒ ̄˷̉̇˿̖, ˿ 

̌˷̇˷́̉˼̇˷ ̆̅̇˿̈̉̅̈̉˿ ̔̂˼́̉̇̅˻̅˹. 

В ̅˻̄̅̀ ˿˾ ˸̅̂̓̏̅˺̅ ̎˿̈̂˷ ̇˷˸̅̉ ˹ ̔̉̅̃ 

̄˷̆̇˷˹̂˼̄˿˿ [8, 9] ̇˷̈̈̃̅̉̇˼̄̅ ̆̅̂̊̎˼̄˿˼ 
̈̉̇̊́̉̊̇ ̉˹ё̇˻̅˺̅ ̊˺̂˼̇̅˻˷ ̈ ̅̆̉˿̃˷̂̓̄̒̃ ̈̅-

̅̉̄̅̏˼̄˿˼̃ ̃˿́̇̅- ˿ ̄˷̄̅̆̅̇˿̈̉̅̈̉˿ [11]. 

˛̖̂ ̈˿̄̉˼˾˷ ̉˹ё̇˻̅˺̅ ̊˺̂˼̇̅˻˷ ̄̊˽̄̅˺̅ ́˷̎˼-
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̈̉˹˷ ̃̅˺̊̉ ˸̒̉̓ ˿̈̆̅̂̓˾̅˹˷̄̒ ̈˷̃̒˼ ̇˷˾̄̅̅˸-

̇˷˾̄̒˼ ̃˷̉˼̇˿˷̂̒, ˹́̂̎̕˷̖ ˹˼̐˼̈̉˹˷ ̆̇˿̇̅˻-

̄̅˺̅ ̆̇̅˿̈̌̅˽˻˼̄˿̖. К˷́ ̆̇˷˹˿̂̅, ̅˸̇˷̉˿̃˷̖ 

ё̃́̅̈̉̓ ̆̇˿ ˿̄̉˼̇́˷̖̂̍˿˿ ̄˷̉̇˿̖ ˹ ̊˺̂˼̇̅˻ ̄˼ 
˻̅̈̉˿˺˷˼̉ 300 ̃А̎˺. ˥˻̄˷́̅ ˹ ̅˻̄̅̀ ˿˾ ̇˷-
˸̅̉ [12] ̅̉̃˼̎˷̂̅̈̓ ˻̅̈̉˿˽˼̄˿˼ ˹̒̈̅́˿̌ ˾̄˷-
̎˼̄˿̀: 430 ̃А̎˺ ˻̖̂ ̆˼̇˹̅˺̅ ̍˿́̂˷ ̆̇˿ ̉̅́˼ 
30 ̃А˺ ̈ ̆̅̉˼̇˼̀ ё̃́̅̈̉˿ 2,5 % ̆̅̈̂˼ 
200 ̍˿́̂̅˹. ˦̅̂̅˽˿̉˼̂̓̄̅˼ ˹̂˿̖̄˿˼ ̄˷ ˹̄˼-
˻̇˼̄˿˼ ˿̅̄̅˹ ̄˷̉̇˿̖ ˹ ̉˹ё̇˻̒˼ ̊˺̂˼̇̅˻˿̈̉̒˼ 
̃˷̉˼̇˿˷̂̒ ̅́˷˾̒˹˷˼̉ ˻̅̆˿̇̅˹˷̄˿˼ ˿̌ ̇˷˾̂˿̎-

̄̒̃˿ ̔̂˼̃˼̄̉˷̃˿: ˷˾̅̉̅̃, ˸̅̇̅̃, ̈˼̇̅̀, ̋̅̈-
̋̅̇̅̃. ˛̅̆˿̇̅˹˷̄̄̒̀ ̈˼̇̅̀ ̊˺̂˼̇̅˻̄̒̀ ˷̄̅˻ 

̆̅́˷˾˷̂ ̅˸̇˷̉˿̃̊̕ ё̃́̅̈̉̓ 516 ̃А̎˺ 
˿ ̅̎˼̄̓ ̌̅̇̅̏˿˼ ̇˼˾̊̂̓̉˷̉̒ ̆̇˿ ˻̂˿̉˼̂̓̄̅̃ 

̍˿́̂˿̇̅˹˷̄˿˿ (1000 ̍˿́̂̅˹) [9]. 

ˤ˷̖̇˻̊ ̈ ̇˷˾̄̅̅˸̇˷˾̄̒̃˿ ̊˺̂˼̇̅˻˿̈̉̒̃˿ 

̃˷̉˼̇˿˷̂˷̃˿, ˻̖̂ ̇˼˷̂˿˾˷̍˿˿ ̆̇̅̍˼̈̈˷ ˹̄˼˻̇˼-
̄˿̖ ̄˷̉̇˿̖ ̆̇˿˺̅˻̄̒ ˻˿̅́̈˿˻ ̉˿̉˷̄˷ ̇˷˾̂˿̎̄̅̀ 

́̇˿̈̉˷̂̂˿̎˼̈́̅̀ ̃̅˻˿̋˿́˷̍˿˿ (̇̊̉˿̂, ˷̄˷̉˷˾, 
˸̇̊́˿̉), ́̅̃̆̅˾˿̉̒ ̄˷ ˼˺̅ ̅̈̄̅˹˼ ˿ ̃̄̅˺̅̎˿̈-
̂˼̄̄̒˼ ̆̇̅˿˾˹̅˻̄̒˼ – ̉˿̉˷̄˷̉̒ [8, 9]. 

В ̅˸˾̅̇˼ [9] ̅˸̈̊˽˻˷˼̖̉̈ 29 ̇˷˸̅̉, ̆̅̈˹̖-

̐˼̄̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̖̃ ˷̄̅˻̄̅˺̅ ̆̅˹˼˻˼̄˿̖ 

TiO2 ̇˷˾̂˿̎̄̒̌ ̃̅˻˿̋˿́˷̍˿̀ (˻̖̂ ˷̄˷̉˷˾˷ – 

21 ̇˷˸̅̉˷, ˻̖̂ ̇̊̉˿̂˷ – 5, ˻̖̂ ˸̇̊́˿̉˷ – 3), 

˹̒̆̅̂̄˼̄̄̒̌ ̆̅̎̉˿ ˿̈́̂̎̕˿̉˼̂̓̄̅ ˹ 2013–

2016 ˺˺. ˦̇˿ ˹̄˼˻̇˼̄˿˿ ̅˻̄̅˺̅ ˿̅̄˷ ̄˷̉̇˿̖ ̄˷ 
̃̅̂˼́̊̂̊ TiO2 ̉˼̅̇˼̉˿̎˼̈́˷̖ ё̃́̅̈̉̓ ˻̅̂˽̄˷ 
̈̅̈̉˷˹̖̂̉̓ 335 ̃А̎˺, ̅˻̄˷́̅ ̔̉˷ ˹˼̂˿̎˿̄˷ 
̄˿́̅˺˻˷ ̄˼ ˻̅̈̉˿˺˷˼̖̉̈ [8], ̖̌̅̉ TiO2 ̆̇˿̃˼-
̖̖̄̂̈ ˹ ˹˿˻˼ ̄˷̄̅̆̂˷̈̉˿̄̅́ ˿̂˿ ̄˷̄̅̉̇̊˸̅́ 

[13, 14]. ˘̅̂˼˼ ˹̒̈̅́˿˼ ̇˼˾̊̂̓̉˷̉̒ ˸̒̂˿ ̆̅̂̊-

̎˼̄̒ ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ ́̅̃̆̅˾˿̉̅˹ TiO2 ̈ ̊˺-
̂˼̇̅˻̅̃, ̎̉̅ ̆̅˾˹̖̅̂˼̉ ̊˹˼̂˿̎˿̉̓ ̔̂˼́̉̇̅̄-

̄̊̕ ̆̇̅˹̅˻˿̃̅̈̉̓ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷: ̆̇˿-

̃˼̖̄̂˿̈̓ ̊˺̂˼̇̅˻̄̒˼ ̆̅́̇̒̉˿̖ ̄˷̄̅̈̉˼̇˽̄˼̀ 

˿˾ ˷̄˷̉˷˾˷, ̃˿́̇̅̈̋˼̇, ̄˷̄̅˹̅̂̅́̅̄ [8], ˿̈-
̆̅̂̓˾̅˹˷̂˿̈̓ ́̅̃̆̅˾˿̉̒ TiO2 c ˺̇˷̋˼̄̅̃ [9].  

˦̅̂̅˽˿̉˼̂̓̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ˸̒̂˿ ̆̅̂̊̎˼̄̒ 

̆̇˿ ˻̅̆˿̇̅˹˷̄˿˿ ̄˷̄̅̃˷̉˼̇˿˷̂̅˹ ˿˾ TiO2 ̇˷˾-
̂˿̎̄̒̃˿ ̔̂˼̃˼̄̉˷̃˿. В ̎˷̈̉̄̅̈̉˿, ̆̅˻̇̅˸̄̅ 

̅̆˿̈˷̄̅ ˻̅̆˿̇̅˹˷̄˿˼ ̋̉̅̇̅̃ ̄˷̄̅̉̇̊˸̅́ ˿˾ 
˷̄˷̉˷˾˷ [9]. ˥̆˿̈˷̄̅ ̉˷́˽˼ ˻̅̆˿̇̅˹˷̄˿˼ ̄˿̅-

˸˿˼̃ ̇̊̉˿̂˷ (0,06 ̃̅̂.%), ̎̉̅ ̈̊̐˼̈̉˹˼̄̄̅ ̈́˷-
˾̒˹˷˼̖̉̈ ̄˷ ̔̂˼́̉̇̅̄̄̅̀ ̆̇̅˹̅˻˿̃̅̈̉˿ ̃˷̉˼-
̇˿˷̂˷ (Ti0?94Nb0,06O2). ˬ̖̅̉ ̅˸̇˷̉˿̃˷̖ ё̃́̅̈̉̓ 
˸̒̂˷ ̅̉̄̅̈˿̉˼̂̓̄̅ ̄˼˸̅̂̓̏̅̀ (160 ̃А̎˺), 

̄̅ ̅̄˷ ̈̅̌̇˷̖̄̂˷̈̓ 50 ̍˿́̂̅˹ [9]. 

˟˾ ˿̈̈̂˼˻̅˹˷̄˿̀ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷-

̉˼̇˿˷̂˷ ̆̇̅˿˾˹̅˻̄̒̌ TiO2 – ̉˿̉˷̄˷̉̅˹ – ̄˷˿-

˸̅̂̓̏˼˼ ̎˿̈̂̅ ̇˷˸̅̉ ̆̅̈˹̖̐˼̄̅ ̏̆˿̄˼̂˿ 

Li4Ti5O12, ̉˿̉˷̄˷̉˷̃ ̄˷̉̇˿̖ Na2Ti3O7, 

Na2Ti6O13, Na4Ti5O12. В̈˼ ̔̉˿ ̃˷̉˼̇˿˷̂̒ ̇˷̈-
̈̃̅̉̇˼̄̒ ˹ ̅˸˾̅̇˼ [9] ̈ ˸̅̂̓̏˿̃ ̎˿̈̂̅̃ ̈̈̒-

̂̅́ ̄˷ ̅̇˿˺˿̄˷̂̓̄̒˼ ̇˷˸̅̉̒. В ̎˷̈̉̄̅̈̉˿, 

̆̅˻̇̅˸̄̒˼ ̈˹˼˻˼̄˿̖ ̅ ̋˿˾˿̎˼̈́˿̌ ˿ ̔̂˼́̉̇̅-

̌˿̃˿̎˼̈́˿̌ ̈˹̅̀̈̉˹˷̌ ̈̅˼˻˿̄˼̄˿̖ Na2Ti3O7 

̈̅˻˼̇˽˷̖̉̈ ˹ ̇˷˸̅̉˼ ˧̊˻̅̂̒ ̈ ̈̅˷˹̉̅̇˷̃˿ [15]. 

˦̇̅̍˼̈̈ ˾˷̖̇˻˷ ˷̄̅˻˷ ˿˾ Na2Ti3O7 ̃̅˽˼̉ ˸̒̉̓ 
̅̆˿̈˷̄ ̊̇˷˹̄˼̄˿˼̃ 

 Na2Ti3O7 + 2Na+ + 2e  Na4Ti3O7. 

˥˸̇˷̉˿̃˷̖ ё̃́̅̈̉̓, ̈̅̅̉˹˼̉̈̉˹̊̐̕˷̖ ̔̉̅-

̃̊ ̆̇̅̍˼̈̈̊ ̈̅̈̉˷˹̖̂˼̉ 177,5 ̃А̎˺. ˦̇̅̍˼̈̈ 
˿̄̉˼̇́˷̖̂̍˿˿ ˿ ̅˸̇˷̉̄̒̀ ˼̃̊ ̆̇̅̍˼̈̈ ̆̇̅̉˼-
́˷̉̕ ̆̅ ˻˹̊̌̋˷˾̄̅̃̊ ̃˼̌˷̄˿˾̃̊: 

 Na2Ti3O7  Na3-xTi3O7, 

 Na3-xTi3O7  Na4Ti3O7. 

ˤ˷ ̔̂˼́̉̇̅˻˷̌ ˿˾ Na2Ti3O7 ̆̇˿ ̃˷̂̒̌ ̉̅́˷̌ 
˿̈̌̅˻̄˷̖ ё̃́̅̈̉̓ ˸̂˿˾́˷ ́ ̉˼̅̇˼̉˿̎˼̈́̅̀, ̄̅ 

̆̇˿ ̍˿́̂˿̇̅˹˷̄˿˿ ˹̅˾̃̅˽̄˷ ˾˷̃˼̉̄˷̖ ˻˼˺̇˷-
˻˷̍˿̖. ˟̃˼̖̉̈̕ ̈̈̒̂́˿ ̄˷ ̇˷˸̅̉̒, ˹ ́̅̉̅̇̒̌ 
̅̆˿̈˷̄̒ ̇˷˾̂˿̎̄̒˼ ̄˷̄̅̈̉̇̊́̉̊̇̄̒˼ ̋̅̇̃̒ 

̉˿̉˷̄˷̉˷ ̄˷̉̇˿̖ [8, 9]. ˥̈̄̅˹̄̒̃ ̈̆̅̈̅˸̅̃ 

̆̅̂̊̎˼̄˿̖ Na2Ti3O7 ̖˹̖̂˼̖̉̈ ̉˹ё̇˻̅̋˷˾̄̒̀ 

̈˿̄̉˼˾, ̅˻̄˷́̅ ̔̉̅̉ ̉˿̉˷̄˷̉ ̄˷̉̇˿̖ ̃̅˽˼̉ 
˸̒̉̓ ̆̅̂̊̎˼̄ ˺˿˻̇̅̉˼̇̃˷̂̓̄̒̃ ˿̂˿ ˾̅̂̓-˺˼̂̓ 

̃˼̉̅˻˷̃˿ [17]. 

˛̖̂ ˻̇̊˺̅˺̅ ̉˿̉˷̄˷̉˷ Na2Ti6O13 ̆̇˼˻̂˷˺˷˼̉-
̖̈ ̈̂˼˻̊̐̕˿̀ ˿̄̈˼̇̉˿̅̄̄̅-̔́̈̉̇˷́̍˿̅̄̄̒̀ 

̃˼̌˷̄˿˾̃ [9]: 

 Na2Ti6O13 + xNa+ +xe  Na2+xTi6O13.  

В ̅˸˾̅̇˼ [9] ̇˷̈̈̃̅̉̇˼̄ ̉˷́˽˼ ̉˿̉˷̄˷̉ 
Na4Ti5O12, ˿̃˼̐̕˿̀ ˻˹˼ ́̇˿̈̉˷̂̂˿̎˼̈́˿˼  
̃̅˻˿̋˿́˷̍˿˿ – ̉̇˿˺̅̄˷̂̓̄̊̕ ˿ ̃̅̄̅́̂˿̄-

̄̊̕. ˦̇˿̃˼̄˼̄˿˼ ̃̅̄̅́̂˿̄̄̅̀ ̃̅˻˿̋˿́˷-



 

188 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 24, №4, 2018

̍˿˿ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̆̅˻̇̅˸̄̅ 

̅̆˿̈˷̄̅ ˹ ̇˷˸̅̉˼ [18]. ˦̅̃˿̃̅ ̊́˷˾˷̄̄̒̌  

˹̒̏˼ ̉˿̉˷̄˷̉̅˹ ̄˷̉̇˿̖, ˹̅˾̃̅˽̄̅ ̆̇˿̃˼̄˼-
̄˿˼ ̈̃˼̏˷̄̄̒̌ ̉˿̉˷̄˷̉̅˹: Na0,67Ni0,33Ti0,67O2, 

Ni0,66[Li0,22Ti0,78]O2, NaFeTiO4, Na4Fe3Ti3O12 ˿ 

˻̇. ˨̈̒̂́˿ ̄˷ ̅̇˿˺˿̄˷̂̓̄̒˼ ˿̈̈̂˼˻̅˹˷̄˿̖ 

̈̅˻˼̇˽˷̖̉̈ ˹ ̅˸˾̅̇˼ [8]. 

К ̎˿̈̂̊ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹, ̄˷ ́̅̉̅̇̒̌ 
̆̇̅̍˼̈̈ ̈ ̊̎˷̈̉˿˼̃ ˿̅̄̅˹ ̄˷̉̇˿̖ ̆̇̅̉˼́˷˼̉ ̆̅ 

ȊȎȍвȅȐȑȈȎȍȍȎȌȓ ȌȅȕаȍȈȇȌȓ (Conversion materials), 

̖̖̅̉̄̅̈̉̈ ̅́̈˿˻̒, ̈̊̂̓̋˿˻̒ ˿ ̋̅̈̋˿˻̒ ˸̅̂̓-
̏̅̀ ˺̇̊̆̆̒ ̆̇˼˿̃̊̐˼̈̉˹˼̄̄̅ ̆˼̇˼̌̅˻̄̒̌ ̃˼-
̉˷̂̂̅˹. ˟˾ ̎˿̈̂˷ ̅́̈˿˻̅˹ ˹ ̅˸˾̅̇˼ [9] ̇˷̈̈̃̅̉-
̇˼̄̒ ̈̂˼˻̊̐̕˿˼ ̈̅˼˻˿̄˼̄˿̖: Fe3O4, Fe2O3, 

Co3O4, SnO, SnO2, Cu2O, Sb2O3. ˦̇̅̍˼̈̈ ̇˷˾̖̇˻˷ 
̈ ̊̎˷̈̉˿˼̃ Fe3O4 ̃̅˽˼̉ ˸̒̉̓ ̅̆˿̈˷̄ ̇˼˷́̍˿˼̀ 

 Fe3O4 + 8Na+ + 8e  3Fe + 4Na2O. 

˨ ̆̇˿̃˼̄˼̄˿˼̃ ́̅̃̆̅˾˿̉̅˹ Fe3O4-˨ ˹ ́˷-
̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ˹ ̖̇˻˼ ̇˷˸̅̉ ˸̒̂˿ 

˻̅̈̉˿˺̄̊̉̒ ̌̅̇̅̏˿˼ ̇˼˾̊̂̓̉˷̉̒ ̆̇˿ ̄˷̎˷̂̓-

̄̅̀ ё̃́̅̈̉˿ ˹ ̆̇˼˻˼̂˷̌ 320–420 ̃А̎˺ ˿ 

˹̆̅̂̄˼ ̆̇˿˼̃̂˼̃̅̀ ̍˿́̂˿̇̊˼̃̅̈̉˿. ˨̈̒̂́˿ 

̄˷ ̅̇˿˺˿̄˷̂̓̄̒˼ ̇˷˸̅̉̒ ̈̅˻˼̇˽˷̖̉̈ ˹ ̅˸˾̅̇˼ 
[9]. ˦˼̇̈̆˼́̉˿˹̄̒̃ ˷̄̅˻̄̒̃ ̃˷̉˼̇˿˷̂̅̃ ̖˹-

̖̂˼̖̉̈ Fe2O3, ̊ ́̅̉̅̇̅˺̅ ̍˼̂̒̀ ̖̇˻ ˻̅̈̉̅-

˿̄̈̉˹: ̆̇̅̈̉̅̉˷ ̆̇̅˿˾˹̅˻̈̉˹˷, ̄˿˾́˷̖ ̍˼̄˷, 
̄˼̉̅́̈˿̎̄̅̈̉̓, ˹̒̈̅́˷̖ ̌˿̃˿̎˼̈́˷̖ ̈̉˷˸˿̂̓-

̄̅̈̉̓, ̆̇˿˼̃̂˼̃˷̖ ё̃́̅̈̉̓. ˦̇˿ ˿̈̆̅̂̓˾̅˹˷-
̄˿˿ Fe2O3, ́˷́ ˿ ˹ ̈̂̊̎˷˼ ̈ Fe3O4, ˹ ̇˼˾̊̂̓̉˷̉˼ 
́̅̄˹˼̇̈˿̅̄̄̅̀ ̇˼˷́̍˿˿ ̅˸̇˷˾̖̊̉̈̕ ̄˷̄̅̎˷-
̈̉˿̍̒ ˽˼̂˼˾˷, ˻˿̈̆˼̇˺˿̇̅˹˷̄̄̒˼ ˹ ̃˷̉̇˿̍˼ ˿˾ 
̅́̈˿˻˷ ̄˷̆̉̇˿̖. 

В ̇˷˸̅̉˼ [19] ˿˾̊̎˼̄̅ ̆̇˿̃˼̄˼̄˿˼ ˷̄̅˻˷ ̄˷ 

̅̈̄̅˹˼ ̅́̈˿˻˷ ́̅˸˷̂̓̉˷ Co3O4; ̇˼˷́̍˿̖ ̃̅˽˼̉ 
˸̒̉̓ ̅̆˿̈˷̄˷ ̈ ̆̅̃̅̐̓̕ ̊̇˷˹̄˼̄˿̖, ˷̄˷̂̅-

˺˿̎̄̅˺̅ ̊̇˷˹̄˼̄˿̕ ˻̖̂ Fe3O4: 

 Co3O4 + 8Na+ + 8e  3Co + 4Na2O. 

В ̅˸˾̅̇˼ [9] ̈̅˻˼̇˽˷̖̉̈ ̈̈̒̂́˿ ̄˷ ̖̇˻ ̅̇˿-

˺˿̄˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀ ̍˼̆˼̀ ̈ Co3O4. В ̎˷̈̉-
̄̅̈̉˿, ̊˻˷˹˷̂̅̈̓ ˻̅̈̉˿̎̓ ё̃́̅̈̉˿ 403 ̃А̎˺ 
̆̇˿ ̉̅́˼ 5 ̃А˺ ˿ 190 ̃А̎˺ ̆̇˿ ̉̅́˼ 
3,2 ̃А˺. 

˘̅̂̓̏̅̀ ˿̄̉˼̇˼̈ ˹̒˾̒˹˷˼̉ ˿̈̆̅̂̓˾̅˹˷̄˿˼ 
˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̄˷̄̅̈̉̇̊́̉̊-

̇˿̇̅˹˷̄̄̒̌ ̅́̈˿˻̅˹ SnO ˿ SnO2, ̅̈̅˸˼̄̄̅ 

̃̄̅˺̅ ˿̈̈̂˼˻̅˹˷̄˿̀ ˹̒̆̅̂̄˼̄̅ ̈ ̊̎˷̈̉˿˼̃ 

SnO2. ˛̖̂ ̆̇˿̃˼̇˷ ̇˷̈̈̃̅̉̇˿̃ ̖̇˻ ̇˷˸̅̉ ̈ 

̆̇˿̃˼̄˼̄˿˼̃ ̅́̈˿˻̅˹ ̅̂̅˹˷. ˛̖̂ ̃̅̄̅̅́̈˿˻˷ 

̅̂̅˹˷ ˾˷̖̇˻̄̅-̇˷˾̖̇˻̄̒̀ ̆̇̅̍˼̈̈ ̃̅˽̄̅ ̅̆˿-

̈˷̉̓ ̈̂˼˻̊̐̕˿̃˿ ̊̇˷˹̄˼̄˿̖̃˿: 

 SnO + 2Na+ +2e  Sn + Na2O; 

 Sn + xNa+ + xe  NaxSn. 

˨̅˹˼̇̏˼̄̄̅ ˷̄˷̂̅˺˿̎̄̒˼ ̆̇̅̍˼̈̈̒ ̃̅˽-

̄̅ ˾˷̆˿̈˷̉̓ ˿ ˻̖̂ ˻˿̅́̈˿˻˷ ̅̂̅˹˷. ˨̊̃̃˷̇̄˷̖ 

̇˼˷́̍˿̖ ̉˷́̅˹˷:  

SnO2 + (4+x)Na+ + (4+x)e  NaxSn + 2Na2O. 

В ̅˸̅˿̌ ̈̂̊̎˷̖̌ ̅˸̇˷˾̖̊̉̈̕ ˷̃̅̇̋̄̒˼ ̎˷̈-
̉˿̍̒ NaxSn, ˻˿̈̆˼̇˺˿̇̅˹˷̄̄̒˼ ˹ ̃˷̉̇˿̍˼ ˿˾ 
Na2O. К̅˺˻˷ ˹˼̂˿̎˿̄˷ x ˻̅̈̉˿˺˷˼̉ 3,75, 

˷̃̅̇̋̄̒˼ ̎˷̈̉˿̍̒ NaxSn ̆̇˼˹̇˷̐˷̖̉̈̕ ˹ 

́̇˿̈̉˷̂̂˿̎˼̈́̅˼ ˹˼̐˼̈̉˹̅ Na15Sn4. 

ˣ̅̄̅̅́̈˿˻ ̅̂̅˹˷ ˹ ̖̇˻˼ ̇˷˸̅̉, ̇˷̈̈̃̅̉-
̇˼̄̄̒̌ ˹ ̅˸˾̅̇˼ [8], ˿̈̆̅̂̓˾̅˹˷̖̂̈ ˹ ˹˿˻˼ ̄˷-
̄̅̈̉̇̊́̉̊̇˿̇̅˹˷̄̄̒̌ ̆̅́̇̒̉˿̀ ̄˷ ́˷́̅̀-

̂˿˸̅ ̆̅˻̂̅˽́˼, ̄˷̆̇˿̃˼̇ ̃˼˻̄̅̀ [20, 21]. 

˥̈̅˸̅ ˹̒̈̅́˿˼ ̇˼˾̊̂̓̉˷̉̒ ̆̅̂̊̎˼̄̒ ˹ ̇˷˸̅̉˼ 
[21]: ̆̅̈̂˼ 50 ̍˿́̂̅˹ ̆̇˿ ̉̅́˼ 50 ̃А˺ ё̃-

́̅̈̉̓ ˻̅̈̉˿˺˷̂˷ 530 ̃А̎˺, ˷ ̆̇˿ ̉̅́˼ 500 

̃А˺ ̈̅̈̉˷˹̖̂̂˷ 320 ̃А̎˺.  
˪́˷˽˼̃ ˻˹˼ ̇˷˸̅̉̒ ̈ ̆̇˿̃˼̄˼̄˿˼̃ ́̅̃̆̅-

˾˿̉̅˹ SnO2-C [22, 23]. ˥̎˼̄̓ ˹̒̈̅́˿˼ ̇˼˾̊̂̓-

̉˷̉̒ ˸̒̂˿ ̆̅̂̊̎˼̄̒ ˹ ̇˷˸̅̉˼ [23] c ́̅̃̆̅˾˿-

̉̅̃ SnO2-˺̇˷̋˼̄. ˥˸̇˷̉˿̃˷̖ ё̃́̅̈̉̓ ̆̇˼˹̅̈-
̌̅˻˿̂˷ 700 ̃А̎˺. ˦̇˿ ̍˿́̂˿̇̅˹˷̄˿˿ ̉̅́̅̃ 

20 ̃А˺ ё̃́̅̈̉̓ ̈̅̈̉˷˹̖̂̂˷ 650 ̃А̎˺, ˷ ̆̇˿ 

̉̅́˼ 320 ̃А˺ ̅́̅̂̅ 300 ̃А̎˺. ˦̇˿ ̔̉̅̃ ˹ 

̅˸̅˿̌ ̈̂̊̎˷̖̌ ё̃́̅̈̉̓ ̅̈̉˷˹˷̂˷̈̓ ̆̇˷́̉˿̎˼̈́˿ 

̄˼˿˾̃˼̄̄̅̀ ˹ ̉˼̎˼̄˿˼ 100 ̍˿́̂̅˹. 

˦̇˿̃˼̄˼̄˿˼ ̊˺̂˼̇̅˻̄̒̌ ̄˷̄̅̉̇̊˸̅́ ̆̇˿ 

̈̅˾˻˷̄˿˿ ́̅̃̆̅˾˿̉̅˹ SnO2-C ̆̇˿˹˼̂̅ ́ ̈̊̐˼-
̈̉˹˼̄̄̅ ˸̅̂˼˼ ̄˿˾́˿̃ ̇˼˾̊̂̓̉˷̉˷̃ [22]. 

ˮ˿̈̂̅ ˿̈̈̂˼˻̅˹˷̄˿̀ ̈ ̆̇˿̃˼̄˼̄˿˼̃ ̅́̈˿-

˻̅˹ ̅̂̅˹˷, ̅̈̅˸˼̄̄̅ SnO2, ˹ ˹˿˻˼ ́̅̃̆̅˾˿̉̅˹ ̈ 

̄˷̄̅̈̉̇̊́̉̊̇˿̇̅˹˷̄̄̒̃˿ ̊˺̂˼̇̅˻̄̒̃˿ ̃˷̉˼-
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̇˿˷̂˷̃˿ ̅̎˼̄̓ ˹˼̂˿́̅, ̅̄˿ ̅̆̊˸̂˿́̅˹˷̄̒ ˹ 

2012–2017 ˺˺. В ̖̇˻˼ ˿˾ ̄˿̌ ˻̅̈̉˿˺̄̊̉̒ ˹̒̈̅-

́˿˼ ̔́̈̆̂̊˷̉˷̍˿̅̄̄̒˼ ̆̅́˷˾˷̉˼̂˿ (ё̃́̅̈̉̓, 

̍˿́̂˿̇̊˼̃̅̈̉̓, ̃˿̄˿̃˷̂̓̄˷̖ ˻˼˺̇˷˻˷̍˿̖ ̆̇˿ 

̍˿́̂˿̇̅˹˷̄˿˿ ˿ ˻̇.), ̎̉̅ ̆̅˾˹̖̅̂˼̉ ˺̅˹̅̇˿̉̓ ̅ 

̇˼˷̂̓̄̒̌ ̆˼̇̈̆˼́̉˿˹˷̌ ́̅̃̃˼̇̍˿˷̂˿˾˷̍˿˿ 

Na-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹ ̈ ˷̄̅˻˷̃˿ SnO2-C. 

К ̎˿̈̂̊ ̏˿̇̅́̅ ̇˷̈̆̇̅̈̉̇˷̄˼̄̄̒̌ ̈̅˼˻˿-

̄˼̄˿̀ ̖̖̅̉̄̅̈̉̈ Cu2O ˿ CuO, ̅˸̂˷˻˷̐̕˿˼ 
̌˿̃˿̎˼̈́̅̀ ̈̉˷˸˿̂̓̄̅̈̉̓̕ ˿ ˹̒̈̅́̅̀ ̉˼̅̇˼-
̉˿̎˼̈́̅̀ ̊˻˼̂̓̄̅̀ ё̃́̅̈̉̓̕. ˦̇˼˻̂˷˺˷˼̖̉̈ [9] 

̈̂˼˻̊̐̕˿̀ ̃˼̌˷̄˿˾̃ ̆̇̅̉˼́˷̐̕˿̌ ̇˼˷́̍˿̀: 

 2CuO + 2Na+ + 2e  Cu2O + Na2O; 

 Cu2O + Na2O  2NaCuO; 

 7NaCuO + Na+ + 2e  Na6Cu2O6 5Cu. 

В ̇˷˸̅̉˼ ˢ̊ ˿ ˻̇̊˺˿̌ [24] ̅̆˿̈˷̄̒ ̆̇˿˺̅-

̉̅˹̂˼̄˿˼ ˿ ˿̈̆̒̉˷̄˿˼ ˷̄̅˻˷ ̄˷ ̅̈̄̅˹˼ ̃˿́̇̅-

̄˷̄̅̈̉̇̊́̉̊̇˿̇̅˹˷̄̄̅˺̅ ́̅̃̆̅˾˿̉˷ CuO-C. 

˦̇˿ ̉̅́˼ 200 ̃А˺ ˻̅̈̉˿˺̄̊̉˷ ё̃́̅̈̉̓ 400 

̃А̎˺ ̆̅̈̂˼ 600 ̍˿́̂̅˹. 

ˬ̅̇̅̏˿˼ ̇˼˾̊̂̓̉˷̉̒ ˸̒̂˿ ̆̅̂̊̎˼̄̒ ̆̇˿ 

̆̇˿̃˼̄˼̄˿˿ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ 
́̅̃̆̅˾˿̉̅˹ Sb2O3-C [25]. ˣ˼̌˷̄˿˾̃ ̆̇̅̍˼̈̈̅˹ 

̃̅˽˼̉ ˸̒̉̓ ̅̆˿̈˷̄ ̈ ̆̅̃̅̐̓̕ ̈̂˼˻̊̐̕˿̌ 

̊̇˷˹̄˼̄˿̀: 

 Sb2O3 + 6Na+ + 6e  2Sb + 3Na2O; 

 2Sb + 6Na+ +6e  2Na3Sb. 

Э̂˼́̉̇̅˻ ˿̃˼˼̉ ̈̉˷˸˿̂̓̄̊̕ ё̃́̅̈̉̓ 

514 ̃А̎˺ ̆̅̈̂˼ 500 ̍˿́̂̅˹ ̆̇˿ ̈˿̂˼ ̉̅́˷ 
0,5 А˺. 

˞̄˷̎˿̉˼̂̓̄̅˼ ̎˿̈̂̅ ˿̈̈̂˼˻̅˹˷̄˿̀ ˹ ̈˷̃̒˼ 
̆̅̈̂˼˻̄˿˼ ˺̅˻̒ (2014–2017) ̆̅̈˹̖̐˼̄̅ ̆̇˿-

̃˼̄˼̄˿̕ ̈̊̂̓̋˿˻̅˹ ˿ ́̅̃̆̅˾˿̉̅˹ ̈ ̊˺̂˼̇̅˻˿-

̈̉̒̃˿ ̃˷̉˼̇˿˷̂˷̃˿ ̄˷ ˿̌ ̅̈̄̅˹˼. ˟˾ ̎˿̈̂˷ 

̈̊̂̓̋˿˻̅˹ ˿˾̊̎˷̂˿̈̓: CoS, CoS2, FeS, FeS2, 

SnS, SnS2, MoS2, Sb2S3, CuS, MnS, TiS2, WS2, 

ZnS. В ̅˸̐˼̀ ̈̅˹̅́̊̆̄̅̈̉˿ ˾˷ ̊́˷˾˷̄̄̒̀ 

̆̇̅̃˼˽̊̉̅́ ˹̇˼̃˼̄˿ ̅̆̊˸̂˿́̅˹˷̄̅ ̅́̅̂̅ 60 

̇˷˸̅̉ ̆̅ ̆̇˿̃˼̄˼̄˿̕ ̈̊̂̓̋˿˻̅˹ ˹ ́˷̎˼̈̉˹˼ 
˷̄̅˻̅˹ ̄˷̉̇˿̀-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. ˤ˷ 

̆̇˿̃˼̇˼ ̈̊̂̓̋˿˻̅˹ ̅̂̅˹˷ ̇˷̈̈̃̅̉̇˿̃ ̌˷̇˷́-

̉˼̇̄̒˼ ̅̈̅˸˼̄̄̅̈̉˿, ̆̇˿̈̊̐˿˼ ̔̉̅̃̊ ́̂˷̈̈̊ 

̃˷̉˼̇˿˷̂̅˹. ˛̖̂ ˹̈˼̌ ̈̊̂̓̋˿˻̅˹ ̄˷˸̂̕˻˷˼̖̉̈ 

̈̂̅˽̄̒̀ ̃˼̌˷̄˿˾̃ ˾˷̖̇˻̄̅-̇˷˾̖̇˻̄̒̌ ̆̇̅-

̍˼̈̈̅˹ ̈ ̊̎˷̈̉˿˼̃ ˿̅̄̅˹ ̄˷̉̇˿̖. ˪̈̂̅˹̄̅ ̔̉˿ 

̆̇̅̍˼̈̈̒ ̃̅˽̄̅ ̅̉̄˼̈̉˿ ́ ́̅̄˹˼̇̈˿̅̄̄̒̃, 

̅̈̂̅˽̄ё̄̄̒̃ ̈̉˷˻˿̖̃˿ ˹̄˼˻̇˼̄˿̖ ˿̂˿ ̈̆̂˷-
˹̅̅˸̇˷˾̅˹˷̄˿̖. ˩˷́, ̄˷̆̇˿̃˼̇, ˻̖̂ SnS ̃̅˽̄̅ 

˾˷̆˿̈˷̉̓ ̈̂˼˻̊̐̕˿˼ ̇˼˷́̍˿˿: 

SnS + 2Na+ + 2e  2Na2S + Sn  

(́̅̄˹˼̇̈˿̅̄̄̒̀ ̆̇̅̍˼̈̈); 

Sn + 3,75Na+ + 3,75e  Na3,75Sn  

(̆̇̅̍˼̈̈ ̈̆̂˷˹̅̅˸̇˷˾̅˹˷̄˿̖). 

˛̖̂ ˻˿̈̊̂̓̋˿˻˷ ̅̂̅˹˷ ̆̇̅̍˼̈̈̒ ˹̒˺̖̂˻̖̉ 
̈̂˼˻̊̐̕˿̃ ̅˸̇˷˾̅̃: 

SnS2 + xNa+ + xe  NaxSnS2  

(̆̇̅̍˼̈̈ ˹̄˼˻̇˼̄˿̖), 

SnS2 +4Na+ + 4e  2Na2S + Sn  

(́̅̄˹˼̇̈˿̅̄̄̒̀ ̆̇̅̍˼̈̈), 

Sn + 3,75Na+ + 3,75e  Na3,75Sn  

(̆̇̅̍˼̈̈ ̈̆̂˷˹̅̅˸̇˷˾̅˹˷̄˿̖). 

В ̈̅˹̃˼̈̉̄̅̀ ̇˷˸̅̉˼ ̈̆˼̍˿˷̂˿̈̉̅˹ ˿˾ К˿-

̉˷̖, ˨˿̄˺˷̆̊̇˷ ˿ ˨˯А [26] ˿̈̈̂˼˻̅˹˷̂˿̈̓ ˹ 

́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ̈̂̅˿̈̉̒˼ ́̅̃̆̅-

˾˿̉̒ ̄˷ ̅̈̄̅˹˼ SnS2 ˿ ˹̅̈̈̉˷̄̅˹̂˼̄̄̅˺̅ ̅́̈˿-

˻˷ ˺̇˷̋˼̄˷. В ̇˷˸̅̉˼ ̆̅̂̊̎˼̄̒ ˹˼̈̓̃˷ ˹̒̈̅́˿˼ 
̇˼˾̊̂̓̉˷̉̒ ˹ ̅̉̄̅̏˼̄˿˿ ё̃́̅̈̉˿ (630 ̃А̎˺ 
̆̇˿ ̈˿̂˼ ̉̅́˷ 0,2 А˺, 544 ̃А̎˺ ̆̇˿ 2 А˺) 

˿ ˻̂˿̉˼̂̓̄̅̈̉˿ ̍˿́̂˿̇̅˹˷̄˿̖: 500 ̃А̎˺ 
̆̇˿ ̉̅́˼ 1 А˺ ˹ ̉˼̎˼̄˿˼ 400 ̍˿́̂̅˹. 

В ˻̇̊˺̅̀ ̇˷˸̅̉˼ (˨˯А) [27] ̆̇˿ ˿˾̊̎˼̄˿˿ 

́̅̃̆̅˾˿̉˷ SnS2-C ˹ ˹˿˻˼ ̄˷̄̅̈̋˼̇ ˻̅̈̉˿˺˷-
̂˷̈̓ ̅˸̇˷̉˿̃˷̖ ё̃́̅̈̉̓ 660 ̃А̎˺, ˿ ̆̇˿ 

̆̂̅̉̄̅̈̉˿ ̉̅́˷ 50 ̃А˺ ̆̅̈̂˼ 100 ̍˿́̂̅˹ ̅̄˷ 

˸̒̂˷ 570 ̃А̎˺ ̈ ˻˼˺̇˷˻˷̍˿˼̀ 0,14 % ˾˷ ̍˿́̂. 

˦̇˿ ̆̂̅̉̄̅̈̉˿ ̉̅́˷ 1 А˺ ̆̅̈̂˼ 100 ̍˿́̂̅˹ 

̈̅̌̇˷̖̄̂˷̈̓ ё̃́̅̈̉̓ 360 ̃А̎˺. В ̇˷˸̅̉˼ 
̆̇˿˹̅˻̖̖̉̈ ̆̅˻̇̅˸̄̒˼ ̈˹˼˻˼̄˿̖ ̅ ̈̆̅̈̅˸˼ ˿˾-
˺̅̉̅˹̂˼̄˿̖ ˿˾̊̎˼̄̄̅˺̅ ́̅̃̆̅˾˿̉˷. 

В ̊˽˼ ̊̆̅̃˿̄˷˹̏˼̖̀̈ ̇˷˸̅̉˼ ˢ˿̊ ̈ ̈̅˷˹̉̅-

̇˷̃˿ (К˿̉˷̀) [25] ̄˷̖̇˻̊ ̈ ́̅̃̆̅˾˿̉̅̃ Sb2O3-

C, ˿˾̊̎˷̖̂̈ ˻̇̊˺̅̀ ́̅̃̆̅˾˿̉ – ̄˷ ̅̈̄̅˹˼ 



 

190 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 24, №4, 2018

Sb2S3. ˦̇̅̉˼́˷̐̕˿̀ ̆̇˿ ˾˷̖̇˻˼ ˿ ̇˷˾̖̇˻˼ 
̆̇̅̍˼̈̈ ̃̅˽̄̅ ̅̆˿̈˷̉̓ ̊̇˷˹̄˼̄˿̖̃˿ 

 Sb2S3 + 6Na+ + 6e  2Sb + 3Na2S; 

 2Sb + 6Na+ +6e  2Na3Sb. 

˦̇˿ ˻̂˿̉˼̂̓̄̅̃ ̍˿́̂˿̇̅˹˷̄˿˿ ˸̒̂˿ ̆̅́˷˾˷-
̄̒ ̅̎˼̄̓ ˹̒̈̅́˿˼ ̇˼˾̊̂̓̉˷̉̒. 

В ̇˷˸̅̉˼ [28] ˿˾̊̎˼̄̅ ̆̇˿̃˼̄˼̄˿˼ ̋̅̈̋˿˻˷ 

̅̂̅˹˷ Sn4P3 ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ ˻̖̂ 

Na-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. ˥˸̇˷̉˿̃˷̖ ё̃-

́̅̈̉̓ ̈̅̈̉˷˹̖̂̂˷ 718 ̃А̎˺ ̈ ̆̇˼̄˼˸̇˼˽˿̃̅ 

̃˷̂̒̃˿ ̆̅̉˼̖̇̃˿ ̆̇˿ ̍˿́̂˿̇̅˹˷̄˿˿. В ̅˸˾̅-

̇˼ [9] ˿̃˼̖̉̈̕ ̈̈̒̂́˿ ̄˷ ˿̈̈̂˼˻̅˹˷̄˿̖ ̆̇˿-

̃˼̄˼̄˿̖ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̋̅̈-
̋˿˻̅˹ ̖̇˻˷ ˻̇̊˺˿̌ ̃˼̉˷̂̂̅˹: ̄˿́˼̖̂, ́̅˸˷̂̓̉˷, 
˽˼̂˼˾˷, ̃˼˻˿. ˫̅̈̋˿˻˷̃ ̊˻˼̂˼̄̅ ˸̅̂̓̏̅˼ 
˹̄˿̃˷̄˿˼. 

˥̎˼̄̓ ̃̄̅˺̅ ̇˷˸̅̉ ̆̅̈˹̖̐˼̄̅ ̆̇˿̃˼̄˼-
̄˿̕ ̅̉˻˼̂̓̄̒̌ ̔̂˼̃˼̄̉̅˹, ̃˼̉˷̂̂̅˹, ̈̆̂˷˹̅˹, 

́̅̃̆̅˾˿̉̅˹ ̄˷ ˿̌ ̅̈̄̅˹˼, ˹ ́̅̉̅̇̒̌ ˷̄̅˻̄̒̀ 

̆̇̅̍˼̈̈ ̈̅̆̇̅˹̅˽˻˷˼̖̉̈ ȐȅаȊȖȈȅȉ ȑȏȋавȎȎȁȐа-

ȇȎваȍȈȟ (Alloying reaction materials). В ̔̉̅ ̎˿̈̂̅ 

˹̌̅˻̖̉ ̆̇˼˽˻˼ ˹̈˼˺̅ ̔̂˼̃˼̄̉̒ 14-̀ (Si, Ge, Sn, 

Pb) ˿ 15-̀ (P, Sb, Bi) ˺̇̊̆̆ ̆˼̇˿̅˻˿̎˼̈́̅̀ 

̈˿̈̉˼̃̒ (˹ ˼ё ˻̂˿̄̄̅̆˼̇˿̅˻̄̅̃ ˹˷̇˿˷̄̉˼), ˷ 
̉˷́˽˼ ˩˼ ˿ ̄˼́̅̉̅̇̒˼ ˻̇̊˺˿˼ ̔̂˼̃˼̄̉̒. ˟̃˼-
˼̖̉̈ ̅̆̇˼˻˼̂ё̄̄˷̖ ˷̄˷̂̅˺˿̖ ˹ ̆̅˻˸̅̇˼ ˷̄̅˻-

̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ˻̖̂ Li-˿̅̄̄̒̌ ˿ Na-˿̅̄̄̒̌ 
˷̖́́̊̃̊̂̉̅̇̅˹. ˧˷̄˼˼ ̄˷̃˿ ̆̅˻̇̅˸̄̅ ̇˷̈-

̈̃̅̉̇˼̄̒ ̈˹̅̀̈̉˹˷ ̔̂˼̃˼̄̉̅˹ ̆̅˻˺̇̊̆̆̒ ̊˺-
̂˼̇̅˻˷ ˿ ˿̌ ˹˾˷˿̃̅˻˼̀̈̉˹˿˼ ̈ ̂˿̉˿˼̃ ˹ ̃̅̄̅-

˺̇˷̋˿˿ [29]. 

В ̇˷˸̅̉˼ [30], ˹˼̖̇̅̉̄̅, ˹̆˼̇˹̒˼ ˸̒̂̅ ̆̅-

́˷˾˷̄̅, ̎̉̅ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ Na-

˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹ ̃̅˽̄̅ ˿̈̆̅̂̓˾̅˹˷̉̓ 

̄˷̄̅̎˷̈̉˿̍̒ ˷̃̅̇̋̄̅˺̅ ˿ ́̇˿̈̉˷̂̂˿̎˼̈́̅˺̅ 

́̇˼̃̄˿̖. ˥˸̇˷̉˿̃˷̖ ё̃́̅̈̉̓ ̆̇˿ ̔̉̅̃ ̈̅̈̉˷˹-

̖̂˼̉ 279 ̃А̎˺ ˿ ̈̅̌̇˷̖̄˼̉ ˸̂˿˾́̊̕ ˹˼̂˿̎˿-

̄̊ – 248 ̃А̎˺ – ̆̅̈̂˼ 100 ̍˿́̂̅˹ ̆̇˿ ̆̂̅̉-
̄̅̈̉˿ ̉̅́˷ 20 ̃А˺. ˘̅̂˼˼ ̆̅˻̇̅˸̄̅˼ ˿̈̈̂˼-
˻̅˹˷̄˿˼ ˹˾˷˿̃̅˻˼̀̈̉˹˿̖ ˿̅̄̅˹ ̄˷̉̇˿̖ ̈ ̃˿́-

̇̅- ˿ ̄˷̄̅̎˷̈̉˿̍˷̃˿ ́̇˼̃̄˿̖ ˹̒̆̅̂̄˼̄̅ 

˭̌˷̄˺̅̃ ̈ ̈̅˷˹̉̅̇˷̃˿ [31]. ˘˼̈̆˼̇̈̆˼́̉˿˹̄̒-

̃˿, ̆̅ ̃̄˼̄˿̕ ˷˹̉̅̇̅˹ ̅˸˾̅̇˷ [8], ̖˹̖̖̂̉̈̕ 

̆̅̆̒̉́˿ ˿˾˺̅̉̅˹̂˼̄˿̖ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̄˷ 
̅̈̄̅˹˼ ˺˼̇̃˷̄˿̖, ̅˻̄˷́̅ ˹ ̅˸˾̅̇˼ [9] ̊́˷˾˷̄̒ 

5 ̇˷˸̅̉ ˹ ̔̉̅̀ ̅˸̂˷̈̉˿, ˹̒̆̅̂̄˼̄̄̒˼ ˹ 2013–

2015 ˺˺. ˚˼̇̃˷̄˿̀ ˿̈̈̂˼˻̅˹˷̖̂̈ ˹ ˷̃̅̇̋̄̅̃ 

̖̈̅̈̉̅̄˿˿, ˹ ˹˿˻˼ ̄˷̄̅̆̇̅˹̅̂̅́ ˿ ̉̅̄́˿̌ 

̆̂ё̄̅́; ̄˷˿˸̅̂˼˼ ˿̄̉˼̇˼̈̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ̆̅-

̂̊̎˼̄̒ ̈ ̄˷̄̅̆̇̅˹̅̂̅́˷̃˿. 

В ̅˸˾̅̇˼ [9] ̅̉̃˼̎˷̖̉̈̕ 14 ̔́̈̆˼̇˿̃˼̄-

̉˷̂̓̄̒̌ ˿̈̈̂˼˻̅˹˷̄˿̀, ˹̒̆̅̂̄˼̄̄̒̌ ˹ 2012–

2016 ˺˺. ˿ ̆̅̈˹̖̐˼̄̄̒̌ ̆̇˿̃˼̄˼̄˿̕ ̔̂˼̃˼̄-

̉˷̇̄̅˺̅ ̅̂̅˹˷ ˹ ̇˷˾̂˿̎̄̒̌ ̋̅̇̃˷̌ ˹ ́˷̎˼̈̉˹˼ 
˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷. ˤ˷ ˾˷̖̇˻̄̅-̇˷˾̖̇˻̄̒̌ 

́̇˿˹̒̌ ˿̃˼˼̖̉̈ ̖̇˻ ̈̉̊̆˼̄˼̀ ˿ (̈̅̅̉˹˼̉̈̉˹˼̄-

̄̅) ̆̂˷̉̅, ̈˹̖˾˷̄̄̒̌ ̈̅ ̈̉˷˻˿̖̃˿ ̆̇̅̍˼̈̈˷ 

̈̆̂˷˹̅̅˸̇˷˾̅˹˷̄˿̖: Sn  NaSn3  NaSn  

Na9Sn4  Na15Sn4. В ̅˻̄̅̀ ˿˾ ̆̅̈̂˼˻̄˿̌ ̇˷˸̅̉ 
˹ ̔̉̅̃ ̄˷̆̇˷˹̂˼̄˿˿ ˢ̊̅ ̈ ̈̅˷˹̉̅̇˷̃˿ [32] ˿̈-
̈̂˼˻̅˹˷̂˿ ́̅̃̆̅˾˿̉ Sn-C ̈ ˿̈̆̅̂̓˾̅˹˷̄˿˼̃ 

̄˷̄̅̎˷̈̉˿̍ ̅̂̅˹˷ ˹ ̃˷̉̇˿̍˷̌ ˺̇˷̋˼̄˷. А̄̅˻-

̄̒̀ ́̅̃̆̅˾˿̉ ̆̅́˷˾˷̂ ё̃́̅̈̉̓ 413 ̃А̎˺ ˿ 

˼ё ̂˿̏̓ ̄˼˾̄˷̎˿̉˼̂̓̄̅˼ ˿˾̃˼̄˼̄˿˼ ˾˷ 100 

̍˿́̂̅˹. 

В ̅˸˾̅̇˼ [8] ̅̈̅˸̅ ̅̉̃˼̎˷˼̖̉̈ ̇˷˸̅̉˷ [33], 

˹ ́̅̉̅̇̅̀ ˿˾̊̎˷̖̂̈ ̔̂˼́̉̇̅˻ ˿˾ ̈˹˿̄̍̅˹̅˺̅ 

̆̅̇̅̏́˷ ˿ ̊˺̂˼̇̅˻˷ ˻̖̂ ̆̅˹̒̏˼̄˿̖ ̆̇̅˹̅-

˻˿̃̅̈̉˿ ̈ ̆̅̂˿˹˿̄˿̂˿˻˼̄̋̉̅̇˿˻̅̃ ˹ ́˷̎˼̈̉-
˹˼ ̈˹̖˾̊̐̕˼˺̅ ̄˷ ̃˼˻̄̅̀ ̆̅˻̂̅˽́˼. ˤ˷ ˺˷̂̓-

˹˷̄̅̈̉˷̉˿̎˼̈́˿̌ ́̇˿˹̒̌ ̋˿́̈˿̖̇̊̉̈̕ ̎˼̉̒̇˼ 
̆̂˷̉̅, ̈̅̅̉˹˼̉̈̉˹̊̐̕˿˼ ˿̄̉˼̇̃˼̉˷̂̂˿̎˼̈́˿̃ 

̈̅˼˻˿̄˼̄˿̖̃ NaPb3, NaPb, Na9Pb4 ˿ Na15Pb4. 

ˤ˷˿˸̅̂˼˼ ˸̅˺˷̉̅˼ ̄˷̉̇˿˼̃ ̈̅˼˻˿̄˼̄˿˼ ˿̃˼˼̉ 
̉˼̅̇˼̉˿̎˼̈́̊̕ ё̃́̅̈̉̓ 485 ̃А̎˺ ̆̅̈̂˼ 50 

̍˿́̂̅˹. 

В ̅˸˾̅̇˼ [9] ̆̅˻̇̅˸̄̅ ̅̆˿̈˷̄̒ ˷̄̅˻̒ ̄˷ 
̅̈̄̅˹˼ ̋̅̈̋̅̇˷. ˫̅̈̋̅̇ ̈ ̄˷̉̇˿˼̃ ̅˸̇˷˾̊˼̉ 
̈̅˼˻˿̄˼̄˿˼ Na3P, ̅˸̂˷˻˷˼̉ ̃˷̂̒̃ ˷̉̅̃̄̒̃ 

˹˼̈̅̃ ˿ ̊̄˿́˷̂̓̄̅ ˹̒̈̅́̅̀ ̉˼̅̇˼̉˿̎˼̈́̅̀ 

̊˻˼̂̓̄̅̀ ё̃́̅̈̉̓̕ (2596 ̃А̎˺). В ̍˼̂̅̃ 

̖̇˻˼ ̇˷˸̅̉, ̍˿̉˿̇̊˼̃̒̌ ˹ ̅˸˾̅̇˼ [9], ˻̅̈̉˿˺̄̊-

̉̒ ˹˼̈̓̃˷ ˹̒̈̅́˿˼ ̇˼˾̊̂̓̉˷̉̒ ˹ ̅̉̄̅̏˼̄˿˿ 

̊˻˼̂̓̄̅̀ ё̃́̅̈̉˿ ˿ ̍˿́̂˿̇̊˼̃̅̈̉˿ ̈̂̅˽̄̒̌ 

́̅̃̆̅˾˿̉̅˹ ̈ ̊̎˷̈̉˿˼̃ ̋̅̈̋̅̇˷. 
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В̅ ˹̈˼̌ ̅˸̅˸̐˷̐̕˿̌ ̇˷˸̅̉˷̌ [4–9] ˾̄˷̎˿-

̉˼̂̓̄̅˼ ˹̄˿̃˷̄˿˼ ̊˻˼̖̂˼̖̉̈ ˿̈̈̂˼˻̅˹˷̄˿̖̃ 

̆̅˹˼˻˼̄˿̖ ̈̊̇̓̃̒ ́˷́ ̈˷̖̃̅̈̉̅̉˼̂̓̄̅˺̅ ̃˷̉˼-
̇˿˷̂˷ ˿ ˼ё ́̅̃̆̅˾˿̉˷̃ ̈ ̊˺̂˼̇̅˻˿̈̉̒̃˿ ́̅̃-

̆̅̄˼̄̉˷̃˿ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻˷ ˹ Na-˿̅̄̄̒̌ ˷́-

̖́̊̃̊̂̉̅̇˷̌ (˾˷ ̆˼̇˿̅˻ ̈ 2012 ̆̅ 2015 ˺˺. ˹ ̅˸-

˾̅̇˼ [8] ˿̃˼̖̉̈̕ ̈̈̒̂́˿ ̄˷ 19 ̇˷˸̅̉ ̆̅ ̔̉̅̀ 

̉˼̃˷̉˿́˼). В˼̖̇̅̉̄̅, ́ ̎˿̈̂̊ ̆˼̇˹̒̌ ˿̈̈̂˼˻̅-

˹˷̄˿̀ ̆̇˿̄˷˻̂˼˽˿̉ ̇˷˸̅̉˷ [34]. ˜˼ ˷˹̉̅̇̒ 

̆̇˼˻̆̅̂˷˺˷̉̕ ̈̉̊̆˼̄̎˷̉̒̀ ̃˼̌˷̄˿˾̃ ˹˾˷˿̃̅-

˻˼̀̈̉˹˿̖ ˿̅̄̅˹ ̄˷̉̇˿̖ ̈ ̈̊̇̓̃̅̀:  

 ̆˼̇˹˷̖ ̈̉̊̆˼̄̓ – Sb + Na+ + e  NaSb; 

˹̉̅̇˷̖ ̈̉̊̆˼̄̓ – NaSb + 2Na+ + 2e  Na3Sb. 

˩˼̅̇˼̉˿̎˼̈́˷̖ ̊˻˼̂̓̄˷̖ ё̃́̅̈̉̓ ̆̇˿ ̅˸̇˷-
˾̅˹˷̄˿˿ Na3Sb ̈̅̈̉˷˹̖̂˼̉ 660 ̃А̎˺. В ̇˷˸̅-

̉˼ [34] ̆̇˿̃˼̖̖̄̂̈ ́̅̃̆̅˾˿̉ Sb-C. 

В ˻̇̊˺˿̌ ̇˷˸̅̉˷̌, ̍˿̉˿̇̊˼̃̒̌ ˹ ̅˸˾̅̇˷̌ [8, 

9], ̅̉̃˼̎˷˼̖̉̈, ̎̉̅ ˹ ˷̄̅˻˷̌ ̄˷ ̅̈̄̅˹˼ ̈̊̇̓̃̒ 

̆̇˿ ˿̄̉˼̇́˷̖̂̍˿˿ ˹ ̄˿̌ ̄˷̉̇˿̖ ̆˼̇˹̅̄˷̎˷̂̓-

̄̅ ̅˸̇˷˾̖̊̉̈̕ ˷̃̅̇̋̄̒˼ ˿̄̉˼̇̃˼̉˷̂̂˿̎˼̈́˿˼ 
̋˷˾̒ ̆˼̇˼̃˼̄̄̅˺̅ ̈̅̈̉˷˹˷ – NaxSb. ˤ˷˿˸̅̂˼˼ 
˻˼̉˷̂̓̄̅ ̆˼̇˼̌̅˻̒ ˷̃̅̇̋̄̒̌ ̋˷˾ ˹ ̉˼ ˿̂˿ 

˿̄̒˼ ́̇˿̈̉˷̂̂˿̎˼̈́˿˼ ̋̅̇̃̒ ˹ ̆̇̅̍˼̈̈˷̌ ˾˷-
̖̇˻˷ ˿ ̇˷˾̖̇˻˷ ̅̆˿̈˷̄̒ ˹ ̇˷˸̅̉˼ [35]. В ̅˸˾̅̇˼ 
[8] ̆̅˻̎˼̇́˿˹˷˼̖̉̈ ˹̅˾̃̅˽̄̅̈̉̓ ̆̅̂̊̎˼̄˿̖ 

́̅̃̆̅˾˿̉̅˹ Sb-C ̈ ˹̒̈̅́˿̃˿ ̊˻˼̂̓̄̒̃˿ ̌˷-
̇˷́̉˼̇˿̈̉˿́˷̃˿; ̆̇˿ ̈̅˾˻˷̄˿˿ ́̅̃̆̅˾˿̉̅˹ 

˿̈̆̅̂̓˾̊˼̖̉̈, ˹ ̎˷̈̉̄̅̈̉˿, ˺̇˷̋˼̄ [8, 9]. 

В ̅˸˾̅̇˼ [9] ̊̆̅̃˿̄˷˼̖̉̈ ̖̇˻ ̅̆̊˸̂˿́̅-

˹˷̄̄̒̌ ˹ 2015–2016 ˺̅˻˷̌ ̇˷˸̅̉, ̆̅̈˹̖̐˼̄̄̒̌ 

̆̇˿̃˼̄˼̄˿̕ ˹˿̈̃̊̉˷ ˿ ˼˺̅ ́̅̃̆̅˾˿̉̅˹ ̈ ̊˺̂˼-
̇̅˻̄̒̃˿ ̃˷̉˼̇˿˷̂˷̃˿. В ̎˷̈̉̄̅̈̉˿, ̆̅˻̇̅˸̄̅ 

̇˷̈̈̃̅̉̇˼̄˷ ̈̂̅˿̈̉˷̖ ̈̉̇̊́̉̊̇˷ ́̅̃̆̅˾˿̉˷ 
˹˿̈̃̊̉-˺̇˷̋˼̄, ̆̅˾˹̖̅̂̐̕˷̖ ˹̄˼˻̖̖̇̉̓̈ ˿̅-

̄˷̃ ̄˷̉̇˿̖ [36]. 

˘̅̂̓̏̅˼ ̎˿̈̂̅ ˿̈̈̂˼˻̅˹˷̄˿̀ ̆̅̈˹̖̐˼̄̅ 

̆̇˿̃˼̄˼̄˿̕ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ 
˸˿̄˷̇̄̒̌ ˿̄̉˼̇̃˼̉˷̂̂˿̎˼̈́˿̌ ̈̅˼˻˿̄˼̄˿̀ ˹ 

̈˿̈̉˼̃˷̌ Sn-M ˿̂˿ Sb-M (ˣ – ́˷́̅̀-̂˿˸̅ ̃˼-
̉˷̂̂). ˣ˼̉˷̂̂̒, ̅˸̑˼˻˿̖̄˼̃̒˼ ̈˿̃˹̅̂̅̃ ˣ, 

̃̅˽̄̅ ̇˷˾˻˼̂˿̉̓ ̄˷ ˻˹˼ ́˷̉˼˺̅̇˿˿: ̔̂˼́̉̇̅̌˿-

̃˿̎˼̈́˿ ̄˼˷́̉˿˹̄̒˼ ̔̂˼̃˼̄̉̒ (Ni, Cu, Fe, Zn, 

Mo) ˿ ̔̂˼́̉̇̅̌˿̃˿̎˼̈́˿ ˷́̉˿˹̄̒˼ ̔̂˼̃˼̄̉̒ 

(Sn, Sb, Bi), ́̅̉̅̇̒˼ ̇˼˷˺˿̇̊̉̕ ̈ ̄˷̉̇˿˼̃ ˹ 

˾˷̖̇˻̄̅-̇˷˾̖̇˻̄̒̌ ̆̇̅̍˼̈̈˷̌ [9]. ˦̇˿˹˼˻ё̃ 

̄˼́̅̉̅̇̒˼ ̆̇˿̃˼̇̒.  

˦̇˿ ˿̈̆̅̂̓˾̅˹˷̄˿˿ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ 

̃˷̉˼̇˿˷̂˷ ˿̄̉˼̇̃˼̉˷̂̂˿˻˷ Ni3Sn2 ̆̇̅̉˼́˷̉̕ 
̈̂˼˻̊̐̕˿˼ ̆̇̅̍˼̈̈̒: 

Ni3Sn2 + 7,5Na+ + 7,5e  2Na3,75Sn + 3Ni, 

 Na3,75Sn  Sn + 3,75Na+ + 3,75e. 

В ̌̅˻˼ ̆̇̅̍˼̈̈˷ ̅˸̇˷˾̖̊̉̈̕ ̔̂˼́̉̇̅˷́̉˿˹-

̄̅˼ ̈̅˼˻˿̄˼̄˿˼ Na3,75Sn ˿ ̆̇̅˹̅˻̖̐˷̖ ̃˷̉̇˿-

̍˷ ˿˾ ̄˿́˼̖̂. ˩˷́̅̀ ˷̄̅˻̄̒̀ ̃˷̉˼̇˿˷̂ ̅˸˼̈-
̆˼̎˿˹˷˼̉ ˹̒̈̅́̊̕ ̅˸̇˷̉˿̃̊̕ ё̃́̅̈̉̓ (348 

̃А̎˺) ˿ ̈̉˷˸˿̂̓̄̅˼ ̍˿́̂˿̇̅˹˷̄˿˼ ̈ ̈̅̌̇˷-
̄˼̄˿˼̃ 91 % ё̃́̅̈̉˿ ̆̅̈̂˼ 300 ̍˿́̂̅˹. ˦̇˿ 

˿̈̆̅̂̓˾̅˹˷̄˿˿ ˹ ́˷̎˼̈̉˹˼ ˷̄̅˻̄̅˺̅ ̃˷̉˼̇˿˷̂˷ 
́̅̃̆̅˾˿̉˷ SbSn-C ̆˼̇˹˷̖ ̇˼˷́̍˿̖ ̅̉̄̅̈˿̖̉̈ ́ 

̎˿̈̂̊ ́̅̄˹˼̇̈˿̅̄̄̒̌, ˷ ˹̉̅̇˷̖ ̈˹̖˾˷̄˷ ̈̅ 

̈̆̂˷˹̅̅˸̇˷˾̅˹˷̄˿˼̃: 

 SbSn + 3Na+ 3e  Na3Sb + Sn, 

 Sn + 3,75Na+ 3,75e  Na3,75Sn. 

ˤ˷̖̇˻̊ ̈ ˷̄̅˻̄̒̃˿ ̃˷̉˼̇˿˷̂˷̃˿, ˹ ̅˸˾̅̇˼ 
[9] ̆̅˻̇̅˸̄̅ ̆̅ ̈̇˷˹̄˼̄˿̕ ̈ ˻̇̊˺˿̃˿ ̅˸̅˸-

̐˷̐̕˿̃˿ ̇˷˸̅̉˷̃˿ ̅˸̈̊˽˻˷̖̉̈̕ ́˷̉̅˻̄̒˼ 
̃˷̉˼̇˿˷̂̒ ˿ ̔̂˼́̉̇̅̂˿̉̒. В ˾˷́̂̎̕˿̉˼̂̓̄̅̀ 

̎˷̈̉˿ ̅˸˾̅̇˷ ̆̇˿˹̅˻̖̖̉̈ ̈˹˼˻˼̄˿̖ ̅˸ ˿̈̈̂˼˻̅-

˹˷̄˿̖̌ ̃˷́˼̉̅˹ ̄˷̉̇˿̀-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅-

̇̅˹ (Sodium-ion full cells). ˩˷́˿̌ ̇˷˸̅̉, ˿̂̂̕-

̈̉̇˿̇̊̐̕˿̌ ̈̅˹̃˼̈̉˿̃̅̈̉̓ ̉˼̌ ˿̂˿ ˿̄̒̌ 
˷̄̅˻̄̒̌ ˿ ́˷̉̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹, ̆̅́˷ ̅̉̄̅̈˿-

̉˼̂̓̄̅ ̄˼̃̄̅˺̅. ˤ˷ ̋̅̄˼ ˹̒̈̅́˿̌ ̌˷̇˷́̉˼̇˿-

̈̉˿́, ˻̅̈̉˿˺̄̊̉̒̌ ̊ ̄˼́̅̉̅̇̒̌ ˷̄̅˻̄̒̌ ̃˷̉˼-
̇˿˷̂̅˹, ˿ ˹ ̅̈̄̅˹̄̅̃ ̆̇˿˼̃̂˼̃̒̌ ̌˷̇˷́̉˼̇˿-

̈̉˿́ ́˷̉̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̆̅́˷ ̆̅̂̊̎˼̄̒ 

̈́̇̅̃̄̒˼ ̇˼˾̊̂̓̉˷̉̒ ˻̖̂ ˿˾̊̎˼̄̄̒̌ ̃˷́˼̉̅˹ 

Na-˿̅̄̄̒̌ ˷̖́́̊̃̊̂̉̅̇̅˹. 

К ̄˷̖̈̉̅̐˼̃̊ ˹̇˼̃˼̄˿ ̃̅˽̄̅ ̈̎˿̉˷̉̓, ̎̉̅ 

˻̖̂ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̄˷ ̊˺̂˼̇̅˻˿̈̉̅̀ ̅̈-
̄̅˹˼ ˻̅̈̉˿˺̄̊̉˷ ̊˻˼̂̓̄˷̖ ё̃́̅̈̉̓ ˻̅ 

300 ̃А̎˺, ˷ ˻̖̂ ˷̄̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ̄˷ ̅̈-
̄̅˹˼ ̅̂̅˹˷, ̈̊̇̓̃̒, ˻˿̅́̈˿˻˷ ̉˿̉˷̄˷ – ˻̅ 

500 ̃А̎˺ ̆̇˿ ˻̅̈̉˷̉̅̎̄̅̀ ˹ ̅˸̅˿̌ ̈̂̊̎˷̖̌ 

̍˿́̂˿̇̊˼̃̅̈̉˿. 
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˛̖̂ ́˷̉̅˻̄̒̌ ̃˷̉˼̇˿˷̂̅˹ ˻̅̈̉˿˺˷˼̃˷̖ ё̃-

́̅̈̉̓ ̈̅̈̉˷˹̖̂˼̉ 200 ̃А̎˺. ˝˼̂˷̉˼̂̓̄̒̃ 

̖˹̖̂˼̖̉̈ ˻̅̈̉˿˽˼̄˿˼ ̊˻˼̂̓̄̅̀ ̔̄˼̇˺˿˿ ˸˷̉˷-
̇˼̀ 200–210 В̉̎́˺. ˤ˷˿˸̅̂˼˼ ˹˼̖̇̅̉̄˷̖ 

̆˼̇˹̅̄˷̎˷̂̓̄˷̖ ̅˸̂˷̈̉̓ ̆̇˿̃˼̄˼̄˿̖ – ̈̉˷-
̍˿̅̄˷̇̄̒˼ ̊̈̉˷̄̅˹́˿ ˻̖̂ ̈˺̂˷˽˿˹˷̄˿̖ ̄˷-
˺̇̊˾́˿ ˿ ̌̇˷̄˼̄˿˿ ̔̄˼̇˺˿˿ ̅̉ ˷̂̓̉˼̇̄˷̉˿˹̄̒̌ 
˿̈̉̅̎̄˿́̅˹ (̈̅̂̄˼̎̄̒˼, ˹˼̖̉̇̄̒˼ ˿ ˻̇.). 
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