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Figure S1. Ternary phase diagram of alkaline-earth ruthenium oxides and oxy-hydroxides. 

Red circles represent hydrothermally prepared materials which black circles represent those 

materials prepared using solid-state synthesis.  

  



Table S1. Composition of each alkaline-earth ruthenium oxide and oxyhydroxide, labelled A 

– S in Figure S1. Note some compositions contain multiple polymorphs. 

 Composition Reference 

A BaRu6O12 Torardi
1
 

B BaRu4O9 Popova
2
 

C ARuO3 A = Ca, Sr: Callaghan et al.
3
 

A = Ba: Donohue et al.;
4
 

Hong and Sleight;
5
 

Ogawa and Sato
6
* 

D A4Ru3O10 A = Sr: Crawford et al.
7
 

A = Ba: Dussarrat et al.
8
 

E A3Ru2O7 A = Ca: Yoshida et al.
9
 

A = Sr: Malvestuto et al.
10

 

F Ba5Ru3O12 Dussarrat et al.
8
 

G A2RuO4 A = Ca: Nakatsuji et al.
11

 

A = Sr: Ishida et al.
12

 

A = Ba: Kafalas and Longo
13

 

H Sr4Ru2O9 Dussarrat et al.
14

 

I Ba5Ru2O10 Dussarrat et al.
15

 

J Ba3RuO5 Gadzhiev and Shaplygin
16

 

K Ba2Ru7O18 Ogawa and Sato
6
 

L SrRu2O6 Hiley et al.
17

 

M (Ba1-xSrx)2Ru3O9 Sato et al.
18

 

N Ba2Ru3O9(OH) Hiley et al.
17

 

O Sr2Ru3O10 Renard et al.
19

 

P Ca1.5Ru2O7 Hiley et al.
17

 

Q Ca2Ru2O7 Munenaka and Sato.
20

 

R Ba4Ru3O10.2(OH)1.8 Hiley et al.
21

 

S Sr4Ru3O12 Renard et al.
22

 

*10H-BaRuO3 polymorph was prepared hydrothermally. 

  



Table S2. Maximum degree of substitution in CeO2, x, as summarised in Figure 5.  

Element Maximum x (solvothermal) 
Maximum x (other synthesis, where 

greater than solvothermal) 

N  
*
0.09; Jorge et al.

23
 

F  *0.10; Ahmad et al.
24

 

Na 0.02; Wright et al.
25

 0.07; Pearce and Thangadurai
26

 

Mg 0.20; Zhou and Rahaman
27

  

Al 0.20; Dong et al.
28

   

Ca 0.20; Yamashita et al. 
29

  

Sc  0.05; Jain et al.
30

 

Ti 0.40; Singh and Hegde
31

  

Cr 0.33; Singh and Hegde
32

  

Mn  0.50; Machida et al.
33

 

Fe 0.15; Li et al.
34

 0.50; Kamimura et al.
35

 

Co  0.10; Younis et al.
36

 

Ni <0.10; Liu et al.
37

 0.15; Mahammadunnisia et al.
38

 

Cu 0.05; Wang et al.
39

 0.20; Hočevar et al.
40

 

Ga  0.25; Collins et al.
41

 

Sr 0.20; Yamashita et al. 
29

  

Y 0.50; Singh et al.
31

 1; Etsell and Flengas
42

 

Zr 0.50; Singh et al.
31

 1; Etsell and Flengas
42

 

Nb  
0.014; Ramirez-Cabrera et al.

43
 

Possibly 0.1; Zhao and Gorte
44

 

Mo  0.15; Jose and Suganan
45

 

Ru 0.10; Singh and Hegde
46

  

Rh  0.11; Kurnatowska and Kepinski
47

 

Pd  0.21; Kurnatowska et al.
48

 

In  0.30; Bhella et al.
49

 

Sn 0.10; Xiao et al.
50

 0.50; Baidya et al.
51

 

Ba ~0.07; Zhao and Feng
52

  

La 0.30; Dikmen et al.
53

 0.60; Horlait et al.
54

 

Pr 0.50; Shuk and Greenblatt
55

  

Nd 0.05; Dikmen
56

 0.63; Etsell and Flengas
42

 

Sm 0.30; Huang et al.
57

 1; Etsell and Flengas
42

 

Eu 0.30; Shuk et al.
58

 1; Etsell and Flengas
42

 

Gd 0.30; Tok et al.
59

 1; Etsell and Flengas
42

 

Tb 0.30; Shuk et al.
58

 0.80; Ye et al.
60

 

Dy  1; Etsell and Flengas
42

 

Ho  0.40; Mandal et al.
61

 

Er  0.40; Mandal et al.
61

 

Tm  0.40; Mandal et al.
62

 

Yb  0.33; Etsell and Flengas 

Lu  0.50; Mista et al.
63

 

Hf 0.25; Jiang et al.
64

 0.50; Baidya et al.
65

 

Ta  0.50; Le Gal and Abanades
66

 

W  0.0026; De Guire et al.
67

 

Pt  0.02; Bera et al.
68

 

                                                 
*
Anion substitution; z 



Element Maximum x (solvothermal) 
Maximum x (other synthesis, where 

greater than solvothermal) 

Au  0.03; Venezia et al.
69

 

Pb 0.20; Zhang et al.
70

  

Bi 0.60; Sardar et al.
71

  

Th  1; Bukaemskiy et al.
72

 

U  1; Al-Salik et al.
73

 

Pu  1; Mulford et al.
74

 

Am  0.0033; Kolbe et al.
75

 

 

  



 

References 

1. C. C. Torardi, Mater. Res. Bull., 1985, 20, 705-713. 

2. T. L. Popova, Sov. Prog. Chem., 1982, 48, 8. 

3. A. Callaghan, C. W. Moeller and R. Ward, Inorg. Chem., 1966, 5, 1572-1576. 

4. P. C. Donohue, L. Katz and R. Ward, Inorg. Chem., 1965, 4, 306-310. 

5. S.-T. Hong and A. W. Sleight, J. Solid State Chem., 1997, 128, 251-255. 

6. T. Ogawa and H. Sato, J. Alloys Compd., 2004, 383, 313-318. 

7. M. K. Crawford, R. L. Harlow, W. Marshall, Z. Li, G. Cao, R. L. Lindstrom, Q. 

Huang and J. W. Lynn, Phys. Rev. B, 2002, 65, 214412. 

8. C. Dussarrat, F. Grasset, R. Bontchev and J. Darriet, J. Alloys Compd., 1996, 233, 15-

22. 

9. Y. Yoshida, I. Nagai, S.-I. Ikeda, N. Shirakawa, M. Kosaka and N. Môri, Phys. Rev. 

B, 2004, 69, 220411. 

10. M. Malvestuto, E. Carleschi, R. Fittipaldi, E. Gorelov, E. Pavarini, M. Cuoco, Y. 

Maeno, F. Parmigiani and A. Vecchione, Phys. Rev. B, 2011, 83, 165121. 

11. S. Nakatsuji, S. I. Ikeda and Y. Maeno, J. Phys. Soc. Jpn., 1997, 66, 1868-1871. 

12. K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, Z. Q. Mao, Y. Mori and Y. Maeno, 

Nature, 1998, 396, 658. 

13. J. A. Kafalas and J. M. Longo, J. Solid State Chem., 1972, 4, 55-59. 

14. C. Dussarrat, J. Fompeyrine and J. Darriet, Eur. J. Solid State Inorg. Chem., 1995, 32, 

3-14. 

15. C. Dussarrat, J. Fompeyrine and J. Darriet, Eur. J. Solid State Inorg. Chem., 1994, 31, 

289-300. 

16. M. I. Gadzhiev and I. S. Shaplygin, Russ. J. Inorg. Chem., 1984, 29, 1230. 

17. C. I. Hiley, M. R. Lees, J. M. Fisher, D. Thompsett, S. Agrestini, R. I. Smith and R. I. 

Walton, Angew. Chem. Int. Ed., 2014, 53, 4423-4427. 

18. H. Sato, T. Watanabe and J.-I. Yamaura, Solid State Commun., 2004, 131, 707-711. 

19. C. Renard, S. Daviero-Minaud and F. Abraham, J. Solid State Chem., 1999, 143, 266-

272. 

20. T. Munenaka and H. Sato, J. Phys. Soc. Jpn., 2006, 75, 103801. 

21. C. I. Hiley, M. R. Lees, D. L. Hammond, R. J. Kashtiban, J. Sloan, R. I. Smith and R. 

I. Walton, Chem. Commun., 2016, 52, 6375-6378. 

22. C. Renard, S. Daviero-Minaud, M. Huve and F. Abraham, J. Solid State Chem., 1999, 

144, 125-135. 

23. A. B. Jorge, J. Fraxedas, A. Cantarero, A. J. Williams, J. Rodgers, J. P. Attfield and 

A. Fuertes, Chem. Mater., 2008, 20, 1682-1684. 

24. S. Ahmad, K. Gopalaiah, S. N. Chandrudu and R. Nagarajan, Inorg. Chem., 2014, 53, 

2030-2039. 

25. C. S. Wright, R. I. Walton, D. Thompsett, J. Fisher and S. E. Ashbrook, Adv. Mater., 

2007, 19, 4500. 

26. M. C. Pearce and V. Thangadurai, Asia-Pac. J. Chem. Eng., 2009, 4, 33-44. 

27. Y. Zhou and M. N. Rahaman, J. Mater. Sci. Technol., 1995, 11, 439. 

28. Q. Dong, S. Yin, C. Guo and T. Sato, Nanoscale Res. Lett, 2012, 7, 542. 

29. K. Yamashita, K. V. Ramanujachary and M. Greenblatt, Solid State Ion., 1995, 81, 

53-60. 

30. P. Jain, H. J. Avila-Paredes, C. Gapuz, S. Sen and S. Kim, J. Phys. Chem. C, 2009, 

113, 6553-6560. 

31. P. Singh and M. S. Hegde, J. Solid State Chem., 2008, 181, 3248-3256. 



32. P. Singh and M. S. Hegde, Chem. Mater., 2010, 22, 762-768. 

33. M. Machida, M. Uto, D. Kurogi and T. Kijima, Chem. Mater., 2000, 12, 3158-3164. 

34. G. Li, R. L. Smith and H. Inomata, J. Am. Chem. Soc., 2001, 123, 11091-11092. 

35. Y. Kamimura, S. Sato, R. Takahashi, T. Sodesawa and T. Akashi, Appl. Catal., A, 

2003, 252, 399-410. 

36. A. Younis, D. Chu and S. Li, Appl. Phys. Lett., 2013, 103, 253504. 

37. X. Liu, Y. Zuo, L. Li, X. Huang and G. Li, RSC Advances, 2014, 4, 6397-6406. 

38. S. Mahammadunnisa, P. M. K. Reddy, N. Lingaiah and C. Subrahmanyam, Catal. Sci. 

Technol,, 2013, 3, 730-736. 

39. J. Wang, Q. Liu and Q. Liu, J. Am. Ceram. Soc., 2008, 91, 2706-2708. 

40. S. Hočevar, U. O. Krašovec, B. Orel, A. S. Aricó and H. Kim, Appl. Catal., B, 2000, 

28, 113-125. 

41. S. Collins, G. Finos, R. Alcántara, E. del Rio, S. Bernal and A. Bonivardi, Appl. 

Catal., A, 2010, 388, 202-210. 

42. T. H. Etsell and S. N. Flengas, Chem. Rev., 1970, 70, 339-376. 

43. E. Ramirez-Cabrera, A. Atkinson and D. Chadwick, Appl. Catal. B-Environ., 2002, 

36, 193-206. 

44. S. Zhao and R. J. Gorte, Appl. Catal., A, 2003, 248, 9-18. 

45. P. F. Jose and S. Sugunan, Indian J. Chem. Sect A-Inorg. Bio-Inorg. Phys. Theor. 

Anal. Chem., 2006, 45, 1619-1625. 

46. P. Singh and M. S. Hegde, Chem. Mater., 2009, 21, 3337-3345. 

47. M. Kurnatowska and L. Kepinski, Mater. Res. Bull., 2013, 48, 852-862. 

48. M. Kurnatowska, L. Kepinski and W. Mista, Appl. Catal., B, 2012, 117–118, 135-

147. 

49. S. S. Bhella, S. P. Shafi, F. Trobec, M. Bieringer and V. Thangadurai, Inorg. Chem., 

2010, 49, 1699-1704. 

50. G. Xiao, S. Li, H. Li and L. Chen, Microporous Mesoporous Mater., 2009, 120, 426-

431. 

51. T. Baidya, A. Gupta, P. A. Deshpandey, G. Madras and M. S. Hegde, J. Phys. Chem. 

C, 2009, 113, 4059-4068. 

52. H. Zhao and S. Feng, Chem. Mater., 1999, 11, 958-964. 

53. S. Dikmen, P. Shuk and M. Greenblatt, Solid State Ion., 1999, 126, 89-95. 

54. D. Horlait, L. Claparede, N. Clavier, S. Szenknect, N. Dacheux, J. Ravaux and R. 

Podor, Inorg. Chem., 2011, 50, 7150-7161. 

55. P. Shuk and M. Greenblatt, Solid State Ion., 1999, 116, 217-223. 

56. S. Dikmen, J. Alloys Compd., 2010, 491, 106-112. 

57. W. Huang, P. Shuk and M. Greenblatt, Chem. Mater., 1997, 9, 2240-2245. 

58. P. Shuk, M. Greenblatt and T. Blanar, Ionics, 2000, 6, 373-382. 

59. A. I. Y. Tok, S. W. Du, F. Y. C. Boey and W. K. Chong, Materials Science and 

Engineering: A, 2007, 466, 223-229. 

60. F. Ye, T. Mori, D. R. Ou, J. Zou and J. Drennan, Mater. Res. Bull., 2008, 43, 759-764. 

61. B. P. Mandal, M. Roy, V. Grover and A. K. Tyagi, J. Appl. Phys., 2008, 103, 033506. 

62. B. P. Mandal, V. Grover, M. Roy and A. K. Tyagi, J. Am. Ceram. Soc., 2007, 90, 

2961-2965. 

63. W. Miśta, M. A. Małecka and L. Kępiński, Appl. Catal., A, 2009, 368, 71-78. 

64. Q. Jiang, G. Zhou, Z. Jiang and C. Li, Solar Energy, 2014, 99, 55-66. 

65. T. Baidya, M. S. Hegde and J. Gopalakrishnan, J. Phys. Chem. B, 2007, 111, 5149-

5154. 

66. A. Le Gal and S. Abanades, J. Phys. Chem. C, 2012, 116, 13516-13523. 

67. M. R. De Guire, M. J. Shingler and E. Dincer, Solid State Ion., 1992, 52, 155-163. 



68. P. Bera, K. R. Priolkar, A. Gayen, P. R. Sarode, M. S. Hegde, S. Emura, R. 

Kumashiro, V. Jayaram and G. N. Subbanna, Chem. Mater., 2003, 15, 2049-2060. 

69. A. M. Venezia, G. Pantaleo, A. Longo, G. Di Carlo, M. P. Casaletto, F. L. Liotta and 

G. Deganello, J. Phys. Chem. B, 2005, 109, 2821-2827. 

70. G. Zhang, L. Li, G. Li, X. Qiu and G. Yan, Solid State Sci., 2009, 11, 671-675. 

71. K. Sardar, H. Y. Playford, R. J. Darton, E. R. Barney, A. C. Hannon, D. Tompsett, J. 

Fisher, R. J. Kashtiban, J. Sloan, S. Ramos, G. Cibin and R. I. Walton, Chem. Mater., 

2010, 22, 6191-6201. 

72. A. A. Bukaemskiy, D. Barrier and G. Modolo, J. Alloys Compd., 2009, 485, 783-788. 

73. Y. Al-Salik, I. Al-Shankiti and H. Idriss, J. Electron. Spectrosc. Relat. Phenom., 

2014, 194, 66-73. 

74. R. N. R. Mulford and F. H. Ellinger, J. Phys. Chem., 1958, 62, 1466-1467. 

75. W. Kolbe, N. Edelstein, C. B. Finch and M. M. Abraham, J. Chem. Phys., 1974, 60, 

607-609. 

 


