
  

27 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
  

           

    TinO2n-1   

          

       

 :           1                   

                           .               

2
                                       

    .                  .                   

                       -           

   ...   .                             . 

                              

      .  

 :           

1-   

                    1950         

                TinO2n 1    10< n < 3        

                    
3

        

)SPS (    ]21[              -
4

       

      
5

      ]3[ .                 

                                 

                            

        ]54[.  

      /                            

]6[ .             TinO2n-1         

                             

                     .    

                                   

)6  n  4 (    ]4[ .              )  n ( 

 ]2 [ .                 

 .                                 

            .   

  

                                                           
1
 Magnéli phases 

2
 Ebonex

®
 

3
 Carbothermal 

4
 Sol-gel 

5
 Plasma Spray 

  
h

a
d

e
lk

h
a
n

i@
a
e
o

i.
o

rg
.i
r 

  

  

  

  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               1 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

28 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
  

                                                 

]1[.  

                                  

               .         
1

 

                               

      
2

    ]8721[ .                        

                                 )     

(     )   (   ]97[.  

                                                 

                                          

 .  

2-      

)1 (        log10                           

]6[ .                        Ti4O7    Ti5O9          

    .   n     ]421[.  

  

 1-     -      ]6[.  

          Ti4O7)S.cm
-11580 (      Ti4O7)S.cm

-11035 (        ) 

S.cm
-1 1000 (                       .  Ti5O9    Ti6O11       

    S.cm
-1 630  S.cm

-1 63  ]4[ .)1 (        ]2[:  

   Ti4O7    cm 
3-

10×6-4    .        

       ]6[ .               

                      ]1[ .                      

                           .      )2 (        

         ]6[. 

  

                                                           
1
 Electrowinning 

2
 Electrophoresis 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               2 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

29 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
 

 1-            ]2[  

Log10( /S.cm
-1

)  Electricale conductivity(S.cm
-1

)  TinO2n-1 phase(s) 

3 1035 Ti4O7 

8/2 631  Ti5O9 

8/1 63 Ti6O11 

4/1 25 Ti8O15 

5/2 330 Ti4O7 + Ti5O9 

7/2 500 Ti5O9 + Ti6O11 

 2-          ]6[  

Electricale resistivity TinO2n-1 phase  

   002/0   Ti4O7(high purity)  

   014/0   Ti4O7(commercial standard)  

   012/0   Ti5O9(high purity) 

            .            

    ]4[ .         )2 (       ]6[.  

  

 2-        Ti4O7 ]6[.  

        )2 (  Ti4O7                         .         

                  ]6[ .                   

    Ti5O9  Ti6O11      Ti4O7    ]4[.  

                                         

      Ti4O7   .  

3 -    

          Ti–O      )3 (              TiO2-TiO1.5         

 TiO2 Ti2O3 Ti3O5  ...  ]63[.  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               3 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

30 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
  

  
 3-    TiO2-TiO1.5 ]63[.  

)4 (      XRD                          TiO2      

  ]10[    )3 (                         .           

          
1

                           

  XRD        ]11[ .                          X         

    ]1[.  

  
 4-   TiO2       ]10[.  

 3-           ]11[  

     c  b  a TinO2n-1 phase  

71/108 95/17 95/05 466/12 133/7 600/5 Ti4O7 

50/108 112/34 93/17 865/8 126/7 569/5 Ti5O9 

51/108 57/08 66/94 233/32 126/7 552/5 Ti6O11 

50/108 57/12 66/70 151/38 132/7 537/5 Ti7O13 

51/108 57/18 66/54 057/44 133/7 526/5 Ti8O15 

71/108 95/17 95/05 466/12 142/7 524/5 Ti9O17 

                                                           
1
 Triclinic 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               4 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

31 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
 

                    TiO2  
1

            

                  TiO2    ]122[ .                   

                                           

         ]4[:  

3-1-      

      
2
                   : 

3
   

4
              

       ]124[ .           
5

              

-X                                      -X    

     ]4[ .  

       TiO6   ))5 .((          

                 . )6(       

     :          ]42[.  

  
 5-  TiO6     )a (  )b (   )c(  ]4[  

  

 6-   TiO6    :        ]2[.  

                                                           
1
 Rutile 

2
 Polymorphic 

3
 anatase 

4
 Brookite 

5
 Vegard 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               5 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

32 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
  

         TiO6    c                 

                      a    b               

 .   )7 (       3     ]42[.  

  
 7-    ) :a (        TiO6        c 

)b (    a  b ]4[.  

              TiO6     .      )8 (               

            ]4[.  

  
 8-      TiO2 ) a (  )b (]4[.  

3-2-      

                              

               .                        

                  ]4[ .  

    
1

                         .     

                                       ]3[ .  

                                                           
1
 Liborio 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               6 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

33 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
 

                                         

                                                 

 .    1955  
1

                               

                                            

)CSP(
2

     ]4[ .  

            TinO2n 1                 n           

                               ]1[ .           

                     .              

                            ]8432[ . )9 (  

          TiO2    Ti4O7                      Ti4O7      

    ]2[.  

  
 9-  TiO2  Ti4O7         ]2[.  

3
          )STM(          

   Ti4O7           .     )10 (     

        Ti4O7      .          

   .                              

                                              

  ]13[.  

  
 10-        STM   )0 1 1( Ti4O7  ]13[.  

  )11 (      Ti4O7  Ti5O9    Ti6O11         .            

          TiO6               .              

        c             .           

   ]4[.  

                                                           
1
 Wadsley 

2
 crystallographic shear planes 

3
 Norenberg 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               7 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

34 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
  

  
 11-    )a (Ti4O7 )b (Ti5O9  )c(Ti6O11  . )d ( Ti4O7     c   .

            ]4[.  

4 -      :  

                                    

.  

                                       

               )
1

 (     .              

    TinO2n-1                             
2

   
3

     .                                    

                    DC    AC               

       .                

                  /                         

  150         .                                 

 ]4[.  

        
4

  
5

               

      DC      78    298         .
6

                

    4    320         .                                    

150    ]8[ .  

                  Ti
3+            –          

  3d         .      )2/149        Ti4O7 (       Ti-Ti 

                      3d            ]1[ .     

n    TiO6             ]12[.  

                                                           
1
 Impedance 

2
 Keys 

3
 Mulay 

4
 Bartholomew 

5
 Frankl 

6
 Inglis 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

                               8 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html


 

35 

 
 

 
 

 
 

 
 

 
 

4444   
  

99 44
 

 
 

5-    

                                    

                   .                  .TiO2    

              1000       

                               .             

                        

                    )       (    .                  

                                       

                         .               

                                        

      .            ""                 "  

 "  . 

  

[1] J. R. Smith, F. C. Walsh, R. L. Clarke “Electrodes based on Magneli phase titanium oxides: the properties 
and applications of Ebonex materials” Journal of Applied Electrochemistry, Vol. 28, pp. 1021-1033, 1998. 

[2] F. C. Walsh, R. G. A. Wills “The continuing development of Magneli phase titanium sub-oxides and Ebonex 
electrodes” Journal of Electrochimica Acta, Vol. 55, pp. 6342-6351, 2010. 

[3] T. Rong, H. Guangsheng, K. Teiichi, G. Takashi “Preparation of Magnéli phases of Ti27O52 and Ti6O11 
films by laser chemical vapor deposition” Journal of Thin Solid Films, Vol. 518, pp. 6927-6932, 2010. 

[4] M. J. Styles, “In Situ Studies of the Structure and Oxidation of Magnéli Phase Electrodes and Their 
Application in Molten Salt Electrolysis”, Phd Thesis,Dept of Mechanical Engineering, The University of 
Melbourne, pp. 13-60, 2012. 

[5] M. Toyoda, T. Yano, B. Tryba, S. Mozia, T. Tsumura, M. Inagaki “Preparation of carbon-coated Magneli 
phases TinO2n-1 and their photocatalytic activity under visible light” Journal of Applied Catalysis B: 
Environmental, Vol. 88, pp. 160-164, 2009. 

[6] P. C. S. Hayfield, “Development of a New Material Monolithic Ti407 Ebonex Ceramic”, UK, Royal Society 
of Chemistry Publishing, 2002. 

[7] D. Regonini, V. Adamaki, C. R. Bowen, S. R. Pennock, J. Taylor, A. C. E. Dent “AC electrical properties of 
TiO2 and Magneli phases, TinO2n 1” Journal of Solid State Ionics, Vol. 229, pp. 38-44, 2012. 

[8] D. Regonini, A. C. E. Dent, C. R. Bowen, S. R. Pennock, J. Taylor “Impedance Spectroscopy analysis of 
TinO2n-1 Magneli phases” Journal of Materials Letters: Mater Electron, Vol. 65, No. 23-24, pp. 3590-3592, 
2011. 

[9] Kitada, G. Hasegawa, Y. Kobayashi, K. Kanamori, K. Nakanishi, H. Kageyama “Selective Preparation of 
Macroporous Monoliths of Conductive Titanium Oxides TinO2n 1 (n = 2, 3, 4, 6)” Journal of American 
Chemical Society, Vol. 134, pp. 10894-10898, 2012. 

[10] S. T. Nguyen, J. Lee, A. Yang, X. Wang “Excellent Durability of Substoichiometric Titanium Oxide As a 
Catalyst Support for Pd in Alkaline Direct Ethanol Fuel Cells” Journal of Industrial and Engineering 
Chemistry, Vol. 51, pp. 9966-9972, 2012. 

[11] Gusev, E. G. Avvakumov, O. B.Vinokurova “Synthesis of Ti4O7 Magneli Phases Using Mechanical 

activation” Journal of Science of Sintering, Vol. 35, pp. 141-145, 2003. 
[12] CH. Tang, D. Zhou, Q. Zhang “Synthesis and characterization of Magneli phases: Reduction of TiO2 in a 

decomposed NH3 atmosphere” Journal of Materials Letters, Vol. 79, pp. 42-44, 2012. 
[13] H. Norenberg, G. A. D. Briggs “Surface structure of the most oxygen deficient Magneli phase an STM 

study of Ti4O7” Journal of Surface Science, Vol. 402-404, pp. 738-741, 1998. 
 

 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
94

.1
1.

4.
1.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

6-
27

 ]
 

Powered by TCPDF (www.tcpdf.org)

                               9 / 9

https://dor.isc.ac/dor/20.1001.1.17353351.1394.11.4.1.6
http://jicers.ir/article-1-157-fa.html
http://www.tcpdf.org

