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NON - NOBLE METAL BASED In principle , PEM - based water electrolyzers are built - up 
ELECTRO - CATALYST COMPOSITIONS FOR similar to PEM fuel cells , however , they work in a different 
PROTON EXCHANGE MEMBRANE BASED manner . During PEM fuel cell operation , oxygen reduction 
WATER ELECTROLYSIS AND METHODS OF takes place at the cathode and hydrogen oxidation occurs at 

MAKING the anode of the fuel cell . In summary , water and electrical 
current is produced . In a PEM - based water electrolyzer , the 

CROSS REFERENCE TO RELATED current flow and the electrodes are reversed and water 
APPLICATIONS decomposition takes place . Oxygen evolution occurs at the 

anode ( abbreviated “ OER ” , i . e . , oxygen evolution reaction ) 
This application is a divisional of U . S . patent application ation 10 and reduction of protons ( W ) which travel through the 

Ser . No . 15 / 387 , 100 , filed Dec . 21 , 2016 , entitled “ NON membrane occurs at the cathode . As a result , water is 
NOBLE METAL BASED ELECTRO - CATALYST COM decomposed into hydrogen and oxygen by means of the 
POSITIONS FOR PROTON EXCHANGE MEMBRANE electric current . 

The capital costs for current electrolyzer technology is a BASED WATER ELECTROLYSIS AND METHODS OF 15 significant barrier to hydrogen production . Thus , progress in 
MAKING , which is a continuation - in - part ( CIP ) of U . S . the production of hydrogen fuel by water electrolysis has 
patent application Ser . No . 13 / 961 , 327 , filed Aug . 7 , 2013 , been slow due to prohibitive costs of current electrolyzer 
entitled “ Non - Noble Metal Based Electro - Catalyst Compo technology . The high capital costs of current electrolyzers is 
sitions for Proton Exchange Membrane Based Water Elec - due to one or more of the following : deployment of expen 
trolysis and Methods of Making ” , now U . S . Pat . No . 9 , 561 , 20 sive noble metal - based electro - catalysts ( e . g . , IrO2 , RuO2 , 
497 , issued on Feb . 7 , 2017 , which claims priority under 35 Pt ) , use of relatively small and comparatively low efficiency 
U . S . C . $ 119 ( e ) to U . S . Provisional Patent Application Ser . systems , customized power electronics and labor intensive 
No . 61 / 680 , 857 , filed Aug . 8 , 2012 , entitled “ Novel Low fabrication . 
Cost Electrocatalyst and Catalyst Supports for Water Elec - Rutile - type noble metal oxides , such as IrO , and RuO2 , 
trolysis with Reduced Noble Metal Content ” . The contents 25 are well known for OER anode electrode catalysts in alka 
of which are incorporated in their entirety . line and PEM - based water electrolysis . However , the anodic 

over - potential and the cell resistance in electrolysis contrib 
GOVERNMENT SUPPORT ute to a majority of the losses observed in catalytic perfor 

mance . In addition , Iro , and RuO , electro - catalysts undergo 
This application was made with government support 30 electrochemical or mechanical degradation under extreme 

under grant # DE - SC0001531 awarded by the Department of and highly corrosive electrochemical environments preva 
Energy ( DOE ) . The government has certain rights in the lent in acid assisted water electrolysis which reduces the 
invention . performance with time and diminishes the service life of the 

electrode during OER . 
1 . FIELD OF THE INVENTION 35 The use of non - precious metal catalysts for electrodes in 

PEM - based electrolysis cells would decrease the overall 
This invention relates to electro - catalyst compositions costs of hydrogen production . It is , however , unlikely that a 

including a combination of noble metal and non - noble metal non - noble metal catalyst would be effective to produce 
oxides for proton exchange membrane - based water elec hydrogen in a PEM - based electrolysis system . Although , it 
trolysis , and methods of preparing the electro - catalyst com - 40 is contemplated that a decrease in the noble metal loading 
positions and forming electrodes therefrom . ( e . g . , and the use of a purely non - noble metal in combination 

with the noble metal ) may produce an electrode catalyst 
2 . BACKGROUND capable of demonstrating activity and stability comparable 

to a pure noble metal catalyst for a reduced cost . 
Hydrogen is considered an attractive alternative to fossil 45 There are a limited number of materials that are known to 

fuels , particularly , over the past decade and as the most exhibit the desired electrical conductivity , as well as the 
lightweight fuel , it has the potential to provide a supply of electrochemical , structural , physical and chemical stability 
clean , reliable and affordable energy to meet growing needed in the 1 . 8 to 2 . 0 V potential window and therefore , 
demands . However , there have been problems associated would be suitable for use in producing a non - noble metal 
with the commercialization of hydrogen fuel , such as , the 50 containing catalyst electrode for PEM - based water elec 
inability to economically generate clean and pure hydrogen trolysis . Thus , it is an object of this invention to develop 
combined with cost - effective storage and distribution . highly efficient and stable electro - catalyst compositions 
One approach to hydrogen production involves splitting which include a combination of non - noble metal and noble 

water using electricity , i . e . , water electrolysis . In this metal oxides to significantly reduce the amount expensive 
approach , electric current is passed through water which 55 noble metal required for use as anode electrodes in PEM 
splits the water into hydrogen and oxygen . In certain based water electrolysis . 
embodiments , electricity - induced splitting of water is con 
ducted using alkaline , neutral or acidic pH mediated proton SUMMARY OF THE INVENTION 
exchange membrane ( PEM ) - based water electrolysis . 

Electricity - induced splitting of water using alkaline , neu - 60 In one aspect , the invention provides an electro - catalyst 
tral or acidic pH mediated proton exchange membrane composition for an anode electrode of a proton exchange 
( PEM ) - based water electrolysis is potentially an advanta - membrane - based water electrolysis system . The composi 
geous approach for hydrogen production because it offers tion includes a noble metal component selected from the 
essentially no greenhouse gas emission or toxic byproducts , group consisting of iridium oxide , ruthenium oxide , rhenium 
particularly if the electric current is generated using renew - 65 oxide and mixtures thereof , and a non - noble metal compo 
able energy sources such as wind , solar , geothermal , hydro - nent selected from the group consisting of tantalum oxide , 
power , or nuclear energy sources . tin oxide , niobium oxide , titanium oxide , tungsten oxide , 
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molybdenum oxide , yttrium oxide , scandium oxide , copper second mixture , and separating and drying a precipitate from 
oxide , zirconium oxide , nickel oxide , and mixtures thereof . the second mixture to form the electro - catalyst composition . 

The non - noble metal component can also include a dopant The aforementioned methods can also include doping the 
selected from the group consisting of at least one element non - noble metal oxide powder with a dopant precursor 
from Group III , V , VI and VII of the Periodic Table . The 5 containing at least one element selected from the group 
dopant can be selected from the group consisting of fluorine , consisting of Group III , V , VI and VII of the Periodic Table 
chlorine , bromine , iodine , sulfur , selenium , tellurium , and to form a doped non - noble metal oxide powder . mixtures thereof . The dopant can be present in an amount The surfactant can be cetyltrimethylammonium bromide from greater than 0 to 20 weight percent based on weight of or any other amphiphilic surfactant . The ammonium com the composition . 10 pound can be ammonium hydroxide . The non - noble metal The noble metal component can be present in an amount precursor can be selected from tin chloride , niobium chlo of from greater than zero to 99 weight percent , based on 
weight of the composition . The non - noble metal component ride , any other organometallic , metallo - organic , or inorganic 
can be present in an amount of from greater than zero to 99 salts of tin , niobium and other transition metals , and mix 
weight percent , based on weight of the composition . stures thereof . The noble metal precursor can be iridium 15 

The non - noble metal component and the noble metal chloride , any other Ir precursor , and mixtures thereof . The 
component can form a complete oxide alloy or a complete solvent can be hydrogen peroxide . The dopant precursor for 
solid solution . The electro - catalyst composition of the fluorine can be trifluoroacetic acid or other organometallic , 
invention mimics the electronic structure of a noble metal as well as inorganic salts of fluorine . 
electro - catalyst absent of non - noble metal . 20 The aforementioned methods can also include applying a 

The composition can be in the form of a nanocrystalline thin film of the electro - catalyst composition to a current 
thin film , nanorods , nanoplates , nanoshells , nanospheres , collector substrate to form an anode electrode . 
any nano - scale morphology , or combinations thereof , at 
least partially coated on a current collector substrate . BRIEF DESCRIPTION OF THE DRAWINGS 

The composition can have a general formula selected 25 
from one of N M1 - x02 and N , M1 - Oz : D wherein N repre A further understanding of the invention can be gained 
sents iridium , ruthenium , rhenium or mixtures thereof , M from the following description of the preferred embodiments 
represents tantalum , tin , niobium , titanium , tungsten , molyb - when read in conjunction with the accompanying drawings 
denum , yttrium , scandium , copper , zirconium , nickel , or in which : 
mixtures thereof . D represents at least one element selected 30 FIG . 1 is a XRD pattern of Sno , and 10 % fluorine doped 
from Group III , V , VI , or VII of the Periodic Table and x is SnO2 ; 
a value from greater than zero to 99 % ( i . e . , greater than 0 to FIG . 2 is a XRD pattern of Nb20s and 10 % fluorine doped 
0 . 99 ) based on weight of the composition . Further , the Nb , Os ; 
composition can have a general formula selected from one FIG . 3 is a XRD pattern of the Ir , Sn1 - Oz ; 
of Ir - Sn M , 0 , and Ir , 2 Sn M , 02 : D wherein M repre - 35 FIG . 4 is a XRD pattern of the Ir Nb , 0 ; 
sents tantalum , niobium , titanium , tungsten , molybdenum , FIG . 5 is a polarization curve of Iro 3Sno 20 , and 
yttrium , scandium , copper , zirconium , nickel , or mixtures Iro 3Sno . 7502 : F at 40° C . in IN H2SO4 solution ; 
thereof . D represents at least one element selected from FIG . 6 is a polarization curve of pure Iro , at 40° C . in 1M 
Group III , V , VI , or VII of the Periodic Table and x is a value H , SO , solution . 
from greater than zero to 49 . 5 % ( i . e . , greater than 0 to 0 . 495 ) 40 FIG . 7 is a polarization curve of Iro 25Nbo 750 , and 
based on weight of the composition . Iro . 25Nb0 . 7502 : F at 40° C . in 1N H2SO4 solution ; 

In another aspect , the invention provides a method for FIG . 8 is a diagram showing the molar ratio of Ir - Sn 
preparing an electro - catalyst composition for an anode elec - Nb oxide chosen as an anode electrocatalyst for PEM based 
trode in a proton exchange membrane - based water electroly - water electrolysis ; 
sis system . The method includes preparing a surfactant in 45 FIG . 9 is a XRD pattern of thin film Iron , Sno , and 
solution , adding an ammonium compound to the surfactant ( Sno soNbo so ) 0 , coated on Ti foil ; 
in solution to form a first mixture , preparing a non - noble FIG . 10 is a XRD pattern of thin film ( Ir , Sn , Nb . ) , 
metal precursor in solution , combining the first mixture and with x = 0 . 125 , 0 . 20 , 0 . 25 , 0 . 30 coated on Ti foil ; 
the non - noble metal precursor in solution to form a first FIG . 11 is a XRD pattern of thin film ( Ir - 2 Sn Nb 02 
precipitate , separating and drying the first precipitate to form 50 with x = 0 . 35 , 0 . 40 and 0 . 425 coated on Ti foil ; 
a non - noble metal oxide powder , preparing a noble metal FIG . 12 is a plot showing the variation of experimental 
precursor in solution , combining the non - noble metal oxide and theoretical molar volume of ( Ir , Sn , Nb ) O , with compo 
powder with the noble metal precursor in solution to form a sitions ; 
second mixture , and separating and drying a precipitate from FIG . 13a is a SEM micrograph of ( Ir , Sn , Nb ) O , film of 
the second mixture to form the electro - catalyst composition . 55 composition x = 0 . 125 ; 

In still another aspect , the invention provides a method for FIG . 13b is an EDAX spectra showing ( Ir , Sn , Nb ) 0 , film 
preparing an electro - catalyst composition for an anode elec - of composition x = 0 . 125 ; 
trode in a proton exchange membrane - based water electroly - FIG . 13c is a high magnification SEM image showing the 
sis system . The method includes obtaining an ammonium presence of fine particles in the nanometer range ( ~ 10 - 15 
compound , preparing a non - noble metal precursor in solu - 60 nm ) ; 
tion , combining the ammonium compound and the non - FIG . 14a is a SEM micrograph of ( Ir , Sn , Nb ) O , film of 
noble metal precursor in solution to form first a precipitate , composition x = 0 . 40 ; 
separating the first precipitate , dispersing the first precipitate FIG . 14b is an EDAX spectra of ( Ir , Sn , Nb ) O , film of 
in solvent to form a sol gel , drying the sol gel to form a composition x = 0 . 40 ; 
non - noble metal oxide powder , preparing a noble metal 65 FIG . 15 is a XPS spectra of Ir 4f712 and 4f3 / 2 doublet of 
precursor in solution , combining the non - noble metal oxide pure Iro , and ( Ir , Sn , Nb ) O , thin film of different composi 
powder with the noble metal precursor in solution to form a tions ; 

2 
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FIG . 16 is a XPS spectra of Ols of pure Ir02 , SnO2 and FIG . 36 is a XRD pattern of thin film ( Sno . solro . 20 ) 02 : F of 
( Ir , Sn , Nb ) O , thin film of different compositions ; different compositions coated on Ti foil ; 

FIG . 17 is a XPS spectra of Sn 3d5 / 2 and Sn 3d3 / 2 doublet FIG . 37a is a SEM micrograph along with X - ray mapping 
of pure SnO2 and ( Ir , Sn , Nb ) O , thin film of different com of Ir , Sn and O ; 
positions ; 5 FIG . 376 is an EDAX of ( Sno g1r0 . 2 ) 02 : 10F film ; 

FIG . 18 is a XPS spectra of Nb 3d3 / 2 and Nb 3d7 / 2 doublet FIG . 37c is a bright field TEM image of ( Sno Iro 202 : 
of ( Ir , Sn , Nb ) O , thin film of different compositions ; 10F film showing the presence of fine particles in the 

FIG . 19 is a polarization curve of pure Iro , and ( Sn , Nb ) nanometer range ( ~ 10 - 15 nm ) ; 
O , film conducted in the presence of 1 M H2SO4 solution at FIG . 38a is a XPS spectra of Ir 4f7 / 2 and 4f3 / 2 doublet ; 
40° C . with a scan rate of 1 mV / sec ; FIG . 38b is a XPS spectra of Ols ; 

FIG . 20 is a polarization curve of ( Ir , Sn , Nb ) O , film of FIG . 38c is a XPS spectra of Sn 3d3 , 2 and Sn 3d3 , 2 doublet 
different compositions conducted in the presence of 1 M of ( Sn , Ir ) 02 and ( Sn , Ir ) 02 : 10F thin film ; 
H2SO4 solution at 40° C . with a scan rate of 1 mV / sec ; FIG . 39a is an electrochemical impedance plot of Iro , and 

FIG . 21 is a plot showing variation of current density at 15 ( Sn , Ir ) 02 : F obtained at 1 . 6V at 40° C . in the presence of 1N 
~ 1 . 75V ( vs . NHE ) with compositions of ( Ir , Sn , Nb ) O2 anode H2SO4 solution in the frequency range of 100 mHz - 100 
electrocatalyst ; kHz ; 

FIG . 22 is a plot showing variation of current vs . time in FIG . 39b is a polarization curve of pure Iro , and Snog : 
the chronoamperometry test of pure IrO2 and 10F film showing a Tafel plot of pure Iro , before and after 
( Iro . 4Sno 3N50 . 3 ) 02 performed in a 1M H2SO4 solution under 20 iRQ correction ; 
- 1 . 65V / cm² at 40° C . ; FIG . 39c is a polarization curve of ( Sn , Ir ) 02 : F film of 

FIG . 23 is a plot showing variation of potential vs . time different compositions conducted in the presence of IN 
in the accelerated life test of pure Iro , and ( Iro . 4Sn 3N603 ) H2SO4 solution at 40° C . with a scan rate of 1 mV / sec before 
0 , performed in a 1 M H , SO , solution under 0 . 011 A / cm² and after iR22 correction ; 
at 40° C . ; 25 FIG . 39d is a plot of the variation of potential vs . time in 

FIG . 24 is a plot showing total and partial DOS for Iroz ; the chronopotentiometry test of pure IrO , and ( Sn0 . so Iro . 20 ) 
FIG . 25 is a plot showing total DOS for ( Ir , Sn Nb , ) 0 , 09 : 10F performed in a IN H , SO , solution under current 

with x = 0 . 0 , 0 . 125 , 0 . 25 , 0 . 375 , 0 . 5 ; density of 14 mA / cm2 at 40° C . ; 
FIG . 26 is a plot showing DOS at Fermi level for different FIG . 40 is a plot of total and partial DOS for IrOz ; 

compositions of ( Ir1 - 22Sn Nbx ) O2 ; 30 FIG . 41a is a plot of total DOS ; 
FIG . 27 is a plot showing Ir d - band partial DOS for FIG . 41b is a plot of DOS at Fermi level for all materials 

different Ir - concentrations ( arrows denote positions of considered : Ir02 , ( Sn , Ir ) 02 , ( Sn , Ir ) 02 : F ; 
d - band centers en ) ; FIG . 42 is a plot of Ir d - band partial DOS for all materials 

FIG . 28a is a plot showing electronic density of states for considered : IrO2 , ( Sn , Ir ) O2 , ( Sn , Ir ) 02 : F ; wt % F = 0 , 5 . 6 , 11 , 
pure CaNb 06 ; 35 and 16 . 4 wherein arrows denote positions of the d - band 

FIG . 28b is a plot showing electronic density of states for centers , ed ; 
pure CaTa 06 ; FIG . 43 is a plot of total and partial DOS for ( Sn , Ir ) OF for 

FIG . 29a is a plot showing electronic density of states for F corresponding to 11 wt % ; 
pure Ca Nb207 ; FIG . 44 is a XRD pattern of thin film ( Iro 30 Sno 35Nbo 35 ) 

FIG . 29b is a plot showing electronic density of states for 40 02 : F of different compositions coated on Ti foil ; 
pure Ca Ta207 ; FIG . 45a is a X - ray mapping of Ir , Sn , Nb , O and Ti of the 

FIG . 30a is a plot showing electronic density of states for SEM micrograph ; 
CaNb20 doped with Sc ; FIG . 45b is an EDAX spectra ( Ir0 . 30S10 . 35Nb0 . 35 ) 02 : 10 

FIG . 30b is a plot showing electronic density of states for wt . % F film ; 
CaNb20 . doped with B ; 45 FIG . 46a is an EIS spectra of pure Iron ; 

FIG . 30c is a plot showing electronic density of states for FIG . 46b is an EIS spectra of ( Ir , Sn , Nb ) Oz ; 
CaNb , 0g doped with Al ; FIG . 46c is an EIS spectra of ( Ir , Sn , Nb ) 0 , : 5 wt . % F ; 

FIG . 31a is a plot showing electronic density of states for FIG . 46d is an EIS spectra of ( Ir , Sn , Nb ) 02 : 10 wt . % F 
CaNb206 doped with As ; obtained at open circuit potential ( OCP ) and at different 

FIG . 31b is a plot showing electronic density of states for 50 potentials ( 1 . 5V , 1 . 6V and 1 . 8 V ) tested in IN H2SO4 at 40° 
CaNb20 . doped with Cr ; C . ; 

FIG . 31c is a plot showing electronic density of states for FIG . 47a is a polarization curve of pure Iro , and ( Ir , Sn . 
CaNb206 doped with W ; Nb ) 02 : F ; with 0 , 5 and 10 wt . % F before and after iR 

FIG . 32 is a plot showing electronic density of states for correction conducted in the presence of IN H2SO4 solution 
CaNb206 doped with F ; 55 at 40° C . with a scan rate of 1 mV / sec ; 

FIG . 33a is a plot showing electronic density of states for FIG . 47b is a polarization curve of ( Ir , Sn , Nb ) 02 : F with 15 
Ca Nb20 , doped with Sc ; and 20 wt . % F before and after iR correction conducted in 

FIG . 33b is a plot showing electronic density of states for the presence of 1N H2SO4 solution at 40° C . with a scan rate 
Ca Nb20 , doped with B ; of 1 mV / sec ; 

FIG . 33c is a plot showing electronic density of states for 60 FIG . 48a is a Tafel plot of Iro , before and after iR22 
Ca Nb , 0 , doped with Al ; correction showing a tafel slope ~ 71 mV / dec ; 

FIG . 34 is a plot showing cohesive energy - Ecoh for all FIG . 48b is a Tafel plot of ( Ir , Sn , Nb ) O , before and after 
the materials in eV / at ; iR2 correction showing a tafel slope ~ 98 mV / dec ; 

FIG . 35a is a plot showing electronic density of states for FIG . 48c is a Tafel plot of ( Ir , Sn , Nb ) 02 : 5 wt . % F before 
CaTa 06 doped with Sc ; 65 and after iR2 correction showing a tafel slope - 85 mV / dec ; 

FIG . 35b is a plot showing electronic density of states for FIG . 48d is a Tafel plot of ( Ir , Sn , Nb ) 02 : 10 wt . % F before 
CaTa 0 . doped with Y ; and after iR22 correction showing a tafel slope ~ 77 mV / dec ; 
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FIG . 49 is a plot of variation of current vs . time ( chro - component solid solution mimicking the electronic structure 
noamperometry measurement of pure Iro , and of a highly active noble metal oxide electro - catalyst . 
( Iro . 30S10 . 35N60 . 35 ) 02 : F performed in a 1N H2SO4 solution In certain embodiments , the composition includes the 
under 1 . 65V at 40° C . ; following general formulas for undoped and doped electro 

FIG . 50 is a plot of total bulk density of electronic states 5 catalysts respectively : 
for pure IrO2 and ( Iro . 25Sn0 . 375Nb0 . 375 ) O2 - xFx ( x = 0 , 0 . 5 , 1 , N , M1202 and N , M1 - 02 : D 1 . 5 ) ; 

FIG . 51 is a plot of total bulk density of states at Fermi wherein N represents Ir , Ru , Re or mixtures thereof , M 
level for Iro , and ( Iro . 25S19 . 375N60 . 375 ) O2 - XFx ( x = 0 , 0 . 5 , 1 , represents Sn , Nb , Ta , Ti , W , Mo , Y , Sc , Cu , Zr , Ni or 

10 mixtures thereof , D represents at least one element from 1 . 5 ) ; 
FIG . 52 is a plot of surface d - band projected DOS for Iro , Groups III , V , VI and VII of the Periodic Table , such as but 

not limited to C1 , Br , I , S , Se , Te , or mixtures thereof , and x and ( Iro . 25Sn0 . 375N60 . 375 ) 02 - XFx ( x = 0 , 0 . 5 , 1 , 1 . 5 ) wherein is a value from greater than zero to 99 % ( i . e . , greater than 
arrows denote positions of d - band centers ed ; O to 0 . 99 ) based on weight of the composition . 

FIG . 53a is a plot of surface total and projected DOS for 15 In certain embodiments , the composition can include the 
( Iro . 25S10 . 375N60 . 375 ) O2 ; following general formulas for undoped and doped electro FIG . 53b is a plot of surface total and projected DOS for 1 . 536 is a plot of surface total and projected DOS for catalyst , respectively : 
( Iro . 25S10 . 375N60 . 375 ) O , F? ; and ; 

FIG . 54 is a plot of cohesive energy ( - Ecoh ) in eV per 1xSn _ M , 02 and Ir1 - xyS , M , 02 : D 
formula unit for pure IrO2 and ( Iro . 25S10 . 375N60 . 375 ) O2 - xFx . 20 wherein M represents tantalum , niobium , titanium , tung 

sten , molybdenum , yttrium , scandium , copper , zirconium , 
DETAILED DESCRIPTION OF THE nickel , or mixtures thereof . D represents at least one element 
PREFERRED EMBODIMENTS selected from Group III , V , VI , or VII of the Periodic Table , 

each of x and y is independently a value from greater than 
The invention relates to electro - catalyst compositions for 25 zero to 99 % ( i . e . , greater than 0 to 0 . 99 ) , and x + y is less than 

anode electrodes in proton exchange membrane ( PEM ) or equal to 99 % ( i . e . , 0 . 99 ) based on weight of the compo 
based water electrolysis . The compositions include a noble sition . 
metal component and a non - noble metal component . It is an Further , in certain embodiments , the composition can 
object of this invention for the presence of the non - noble include the following general formulas for undoped and 
metal component to reduce the amount of the precious noble 30 doped electro - catalyst , respectively : 
metal loading required , without decreasing the electro 
chemical activity as compared to pure noble metal oxide Ir1 - 2xSn _ M _ 02 and Ir1 - 2 - Sn _ M _ 02 : D 
electro - catalysts that are known in the art . The compositions wherein M represents tantalum , niobium , titanium , tung 
also demonstrate equivalent or improved corrosion stability sten , molybdenum , yttrium , scandium , copper , zirconium , 
in oxygen reduction processes , as compared to known pure 35 nickel , or mixtures thereof . D represents at least one element 
noble metal oxide electro - catalysts . The compositions can selected from Group III , V , VI , or VII of the Periodic Table 
be used to at least partially coat a support or substrate , such and x is a value from greater than 0 % to 49 . 5 % ( i . e . , greater 
as but not limited to a current collector , e . g . , titanium ( Ti ) than 0 to 0 . 495 ) based on the weight of the composition . 
foil , for use as an anode electrode in PEM - based water F urthermore , in certain embodiments , the composition 
electrolysis . 40 can include the following general formula for doped electro 

The noble metal component includes a noble metal oxide , catalysts : 
such as iridium oxide ( Iron ) , ruthenium oxide ( Ruo , ) 
rhenium oxide , ( Re02 ) and mixtures thereof . The non - noble Ir1 _ M _ 02 : F 
metal component includes a transition metal oxide and can wherein M represents tantalum , niobium , titanium , tung 
be selected , for example , from tin oxide ( Sno ) , niobium 45 sten , molybdenum , yttrium , scandium , copper , zirconium , 
oxide ( Nb , 02 ) , tantalum oxide ( Ta , 03 ) , titanium oxide nickel , or mixtures thereof , and x is a value from greater than 
( TiO , ) , tungsten oxide ( WOC ) , molybdenum oxide ( M00 ) , 0 to 99 % ( i . e . , greater than 0 to 0 . 99 ) based on weight of the 
yttrium oxide ( Y203 ) , scandium oxide ( Sc203 ) , copper composition . 
oxide ( Cu ) , zirconium oxide ( Zro , ) , nickel oxide ( NiO ) , The amount of the noble metal component and the non 
and mixtures thereof . The non - noble metal component can 50 noble metal component can vary . In certain embodiments , 
include a dopant . The dopant can be selected from various the noble metal component can constitute from greater than 
elements known in the art which can enhance electronic O to 99 weight percent based on weight of the composition 
conductivity and stability of the composition . The dopant and the non - noble metal component can constitute from 
can be an electron donor element . Suitable dopants include greater than 0 to 99 weight percent based on weight of the 
the elements in Groups III , V , VI and VII of the Periodic 55 composition . Further , the amount of dopant can vary . In 
Table , and mixtures thereof . In certain embodiments , the certain embodiments , the dopant can be present in an 
transition metal oxide is doped with fluorine , chlorine , amount from greater than 0 to 20 weight percent based on 
bromine , iodine , sulfur , selenium , tellurium or mixtures weight of the composition . 
thereof . Without intending to be bound by any particular The composition of the invention can include a binary 
theory , it is believed that doped transitional metal oxide has 60 oxide composition or a ternary oxide composition . In a 
a higher electronic conductivity and therefore , should pro - ternary oxide composition , the noble metal component can 
vide improved stability to a catalyst support . Further , the include one noble metal oxide , such as Ir , and the non - noble 
doped transition metal oxide exhibits electro - catalytic activ - metal component can include two non - noble metal oxides , 
ity . The presence of the dopant is effective to modify the such as Sn and Nb . The compositions are typically prepared 
electronic structure of the transitional metal oxides to mimic 65 using a surfactant approach or a sol gel approach . Both of 
the electronic structure of noble metals , making the catalysts these approaches are described in detail in the Examples 
electro - active . The addition of the dopant results in a multi - provided herein . In general , a solid solution of the noble 
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metal and non - noble metal components are formed and then present in an amount of from greater than 0 to 20 weight 
heat treated to form a powder . percent based on weight of the composition . 

In accordance with a surfactant approach , an amphiphilic In certain embodiments , the dopant precursor includes 
surfactant such as , but not limited to cetyltrimethylammo - trifluoroacetic acid , any other trifluoro organic acid , or 
nium bromide ( CTAB ) in solution , e . g . , substantially dis - 5 mixtures thereof . 
solved in water , and stirred to produce a substantially For a ternary oxide composition , for example , a solid 
homogeneous solution . An ammonium compound , such as solution of iridium oxide ( Iro , ) , tin oxide ( Sno , ) and 
but not limited to ammonium hydroxide ( NH4OH ) , for niobium oxide ( NbO2 ) of compositions ( Ir1 - 2 Sn , Nbx ) O2 
example , can be added to the solution to form a mixture . An can be synthesized by thermal decomposition of a mixture of 
inorganic , organometallic , metallo - organic or non - noble 10 metal salt precursors on Ti foil as a thin film anode electro 
metal precursor in solution is prepared , for example , tin catalyst for PEM - based electrolysis . In this embodiment , 
chloride ( SnC1 , ) or niobium chloride ( NbC1z ) is substan - x = 0 , 0 . 125 , 0 . 20 , 2 . 25 , 0 . 30 , 0 . 35 , 0 . 40 , 0 . 425 and 0 . 50 . The 
tially dissolved in water and introduced into the CTAB and metal salt precursors can include a mixture of IrC14 , 
NH , OH mixture . Following stirring , a precipitate is formed SnC12 . 2H20 and NbCl , ethanol solution . It has been shown 
and separated from solution by centrifuging and washing in 15 that ( Ir1 - 2 Sn Nb . ) , of composition up to x = 0 . 30 
order to remove chlorine traces and impurities . The precipi - [ ( Ir0 . 40 Sno 30Nbo 30 ) 02 ) shows similar electrochemical 
tate is dried , typically at room temperature , and then heat activity compared to pure iridium oxide ( x = 0 ) resulting in 
treated to form a non - noble metal oxide , such as tin oxide or approximately 60 mol percent reduction in noble metal 
niobium oxide . content . Further , it has been shown that ( Ir1 - 2 Sn Nbx ) O2 of 

In certain embodiments , the non - noble metal precursor 20 composition x = 0 . 20 [ ( Iro 20S10 . 40N60 . 40 ) 02 ] shows only 
includes tin chloride , niobium chloride , as well as any other 20 % lower activity compared to pure Iro , though the noble 
inorganic , or organometallic , or metallo - organic salts of tin , metal oxide , iridium oxide loading is reduced by 80 mol 
niobium and other transition metals , or mixtures thereof . percent . 

In certain embodiments , the non - noble metal oxide is In certain embodiments , the composition can be in the 
doped with an element such as , but not limited to fluorine . 25 form of a nanocrystalline thin film , nanorods , nanoplates , 
A dopant precursor , such as but not limited to ammonium nanoshells , nanospheres , as well as any nano - scale morphol 
fluoride , tetralkyl ammonium fluoride wherein the alkyl ogy or combinations thereof , coated on a current collector 
group can be ethyl , methyl , butyl or higher order alkyl group substrate . 
or mixtures thereof , is combined with the inorganic , non - In certain embodiments , minute amounts of iridium oxide 
noble metal precursor . 30 ( 20 at . % ) solute are combined with a tin oxide , fluorine 

The non - noble metal oxide can be combined with a noble doped matrix to form a homogeneous single phase solid 
metal precursor in solution to synthesize a noble metal solution , ( Sn1 - Ir , ) 02 : F [ ( Sn , Ir ) 02 : F ] . Without intending to 
containing material . For example , iridium chloride can be be bound by any particular theory , it is believed that alloying 
added to ethanol , stirred for complete dissolution and com oxides with tin oxide may likely change their electronic 
bined with the non - doped or doped tin oxide to form a 35 structure , which in turn could positively influence the elec 
mixture . The mixture is dried and then heat treated to form tronic conductivity . 
Ir , Sn 0 , or to form Ir , Sn , 0 , : F , respectively , wherein x is in certain embodiments , the non - noble metal component 
from 0 . 2 to 0 . 8 and wherein F is present in an amount of and the noble metal component form a complete oxide alloy 
from greater than 0 to 20 weight percent based on weight of or a complete solid solution . 
the composition . 40 In certain embodiments , ternary oxides , such as but not 

In certain embodiments , the noble metal precursor limited to SnTa , O . , SnNb , O . , Sn , Ta , 07 , Sn , Nb , 07 , may 
includes iridium chloride , any other Ir precursor or mixtures be doped with small concentration of elements selected from 
thereof . groups 3A , 3B , 5B , 6A and 7B of the Periodic Table , 

In accordance with a sol gel approach , for example , including but not limited to F , C1 , Br , I , S , Se , Te and 
niobium chloride ( NbC1z ) can be employed as an inorganic , 45 mixtures thereof . 
non - noble metal precursor for synthesis of a non - noble In addition to Sn — Nb / Ta oxides there is a large 
metal oxide , i . e . , niobium oxide . The niobium chloride is family of bivalent niobates and tantalates which may be 
dissolved in solvent , such as but not limited to alcohol , e . g . , employed in the compositions of the invention . It is con 
ethanol , and added to an ammonium compound , e . g . , ammo templated that tantalates and niobates of Ca , Mg or Sr are 
nium hydroxide , in solution . Precipitate is formed , separated 50 suitable for use in demonstrating high structural stability . 
and washed , as above - described . The precipitate is then For example , Ca - Nb / Ta - oxides may be formed . These 
dispersed in a solvent , e . g . , solution of hydrogen peroxide , elements may serve as donors of additional free electrons 
and stirred until a ( clear yellow ) sol is obtained . The sol is participating in the charge transfer and thus , increasing the 
heated to form an amorphous , high surface area gel and electronic conductivity . Such elements substituting divalent 
dried to form niobium oxide powder . 55 Ca - - at corresponding sites in the crystal lattice may belong 

In certain embodiments , the niobium oxide is doped with to Groups III and V of the Periodic Table , while those 
10 weight percent fluorine by using trifluoroacetic acid as a elements substituting Nb5 + and Tas + in the lattice may 
fluorine precursor . The trifluoroacetic acid is combined with belong to Group VI of the Periodic Table . Further , another 
niobium chloride and ethanol ( as above - described ) to sub - pathway for donating free electrons into the system is to 
sequently form fluorine doped niobium oxide . The non - 60 dope the oxides with a small amount of fluorine substituting 
doped and doped niobium oxide can be used to synthesize a the corresponding oxygen ions in the crystal structure . In 
material comprising iridium . For example , iridium chloride certain embodiments , CaNb206 , Ca Nb207 , CaTa206 , and 
is added to ethanol , stirred for complete dissolution and Ca , Ta , 0 , are formed and are doped with a small amount of 
combined with the non - doped niobium oxide and the doped a Group III element , such as Sc , Y , B , Al , Ga , In , a Group 
niobium oxide to form a mixture . The mixture is dried and 65 VI element , such as Cr , Mo , W , and a Group V element , such 
then heat treated to form Ir Nb1 - 402 and Ir Nb - 02 : F , as As , Sb , Bi , or a Group VII element , such as F . The formula 
respectively , wherein x is from 0 . 2 to 0 . 8 and wherein F is units of the doped materials can be [ Cal - r ( Group III and / or 
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V elements ) } ] [ Nb / Ta ] 206 , Ca [ ( Nb / Ta ) 1 - v ( Group VI ele - acid [ CF3COOH , Alfa Aesar , 99 . 5 % ] was used as the 
ments ) , 120 . , Ca [ ( Nb / Ta ) ] 206 - Fr and [ Ca ] - z ( Group III and fluorine precursor . The same procedure and experimental 
V elements ) 2 ] 2 [ Nb / Ta ] 207 , Caz [ ( Nb / Ta ) 1 - z ( Group VI ele conditions are used for preparing 10 % fluorine doped nio 
ments ) 2 ] 207 , Caz [ ( Nb / Ta ) ] 207 - xFr . wherein X = 0 . 25 , bium oxide except for the solution of NbCl , dissolved in 
y = 0 . 125 and z = 0 . 0625 . ethanol also contained an appropriate amount of trifluoro 

acetic acid . The prepared niobium oxide and fluorine doped 
EXAMPLES niobium oxide were used to synthesize Ir Nb1 - 02 and 

Ir Nb - 0 , : F respectively , of varying compositions ranging 
Example 1 from x = 0 . 2 to 0 . 8 . IrCl , was added to ethanol and stirred 

10 vigorously for complete dissolution . The prepared niobium 
Electro - catalyst powders of Ir Sn1 - 0 , and Ir Nb - 02 oxide and 10 % fluorine doped niobium oxide powder were 

with fluorine doping were prepared for the oxygen evolution added to the solution and then stirred for more time . This 
reaction in PEM - based water electrolysis . Fluorine doped mixture was dried in an oven at 60° C . and then heat treated 
SnO , and Nb 03 were prepared using a surfactant approach in air at 400° C . for 4 hours . The exact procedure was 
and a sol - gel route , respectively . 15 repeated for synthesizing powders of all the compositions . 
Material Preparation Physio - Chemical Characterization 

Cetyltrimethylammonium bromide [ CTAB , Sigma The synthesized materials were analyzed by X - ray dif 
Aldrich , 95 % ] was used as a surfactant for the synthesis of fraction incorporating a state - of - the - art detector ( XRD , 
tin oxide and fluorine doped tin oxide . CTAB was dissolved Philips XPERT PRO system with Cuk , radiation ) . Typical 
in D . I . water and stirred vigorously to get a homogeneous 20 scans were recorded in the 20 range of 15° - 90° . The oper 
solution . Ammonium hydroxide ( NH , OH , Alfa Aesar , 28 - 30 ating voltage and current were kept constant at 45 kV and 40 
wt . % ] was added to the above solution along with D . I . mA respectively . 
water . Tin ( II ) chloride [ SnC12 xH20 , Alfa Aesar , 99 . 995 % Specific surface area of the catalysts was measured using 
was used as the inorganic precursor . It is dissolved in D . I . the Brunauer - Emmett - Teller ( BET ) technique . The powder 
water and introduced to the mixture of CTAB and ammo - 25 was first vacuum degassed and then tested using a 
nium hydroxide solution . This solution was stirred vigor Micromeritics ASAP 2020 . Multipoint BET surface areas 
ously for 3 hours and the mixture then rested at room are reported for the synthesized powders . 
temperature for 48 hours . The precipitate was separated Electrochemical Characterization 
from the solution by centrifuging and washing it with D . I . Electrochemical characterization was conducted on the 
water multiple times in order to remove any chlorine traces 30 sample using a five port jacketed reaction cell ( Ace Glass 
and impurities from the solution . The powder was then dried Inc . ) in which was assembled a 3 - electrode test system . The 
at room temperature and heat treated in air at 300° C . for 4 testing was done using a VersaSTAT 3 ( Princeton Applied 
hours . This concluded the formation of tin oxide . 10 wt . % Research ) . A solution of 1M sulfuric acid was used as the 
fluorine doped tin oxide was also synthesized and the electrolyte . The solution was kept at a constant temperature 
fluorine precursor used for the same was ammonium fluoride 35 of 40° C . using a Fisher Scientific 910 Isotemp Refrigerator 
[ NH4F , Alfa Aesar , 98 % ] . All the other experimental pre - Circulator . The working electrodes were prepared by uni 
cursors and conditions remained the same for preparing formly spreading the catalyst ink on a porous Titanium plate 
fluorine doped tin oxide , the only difference being that ( Accumet Materials , 50 % dense , 0 . 010 in . thick ) in an area 
ammonium fluoride was mixed with tin ( II ) chloride in D . I . of 1 cm2 . The iridium oxide loading on the electrodes was 
water during the synthesis . After forming tin oxide and 40 0 . 3 mg / cm² . The reference electrode was a XR 200 mercury / 
fluorine doped tin oxide , these materials were used to form mercurous sulfate electrode [ Hg / Hg2SO4 ] ( Radiometer Ana 
Ir , Sn , 0 , and Ir , Sn , 0 , : F respectively , of varying com - lytical ) that has a potential of - + 0 . 65 V with respect to the 
positions of x ranging from 0 . 2 to 0 . 8 . Iridium ( IV ) chloride Normal Hydrogen Electrode ( NHE ) . Platinum foil ( Alfa 
IrC1 . , Alfa Aesar , 99 . 95 % ) was used for the synthesis . IrCl Aesar , 0 . 25 mm thick , 99 . 95 % ) was used as the counter 
was added to ethanol and stirred vigorously for complete 45 electrode . The polarization curves were recorded at a scan 
dissolution . The prepared tin oxide and 10 % fluorine doped rate of 1 mV / s from 0 to 2V ( NHE ) . 
tin oxide powder were added to the solution and then stirred Results 
for more time . This mixture was dried in an oven at 60° C . FIG . 1 shows the X - ray diffraction ( XRD ) pattern of the as 
and then heat treated in air at 400° C . for 4 hours . The same prepared Sno , and fluorine doped Sno , after heat treatment 
procedure was repeated for preparing powders of all the 50 to 300° C . FIG . 2 shows the XRD of the dried gel of Nb , O . 
composition . and 10 % fluorine doped Nb2O3 at 75º C . FIGS . 3 and 4 show 

Niobium ( V ) chloride [ NbCls , Alfa Aesar , 99 . 9 % ] was the XRD pattern of the Ir Sn1 - 02 and Ir Nb - xO2 respec 
used as the inorganic precursor for the synthesis of niobium tively . These XRD patterns show peaks corresponding to the 
oxide and fluorine doped niobium oxide . It is dissolved in tetragonal structure of Iro , suggesting formation of com 
ethanol and then added to a solution of 0 . 3M ammonium 55 plete solid solution between Iro , and SnO2 , and Iro , and 
hydroxide . A white precipitate was obtained at this point Nb20s . There are no additional peaks from SnO2 and 
which was separated and washed with D . I . water multiple Nb , Os . 
times in a centrifuge to get rid of any impurities and chlorine FIG . 5 shows the electrochemical activity of Iro . zSno . 02 
traces from the solution . The precipitate was dispersed in a and Iro 3Sno202 : F . Polarization was conducted in a solution 
solution of hydrogen peroxide ( H2O ) , Fisher Scientific , 60 of 1N sulfuric acid at a scan rate of 1 mV / sec . The oxygen 
30 % ] under ice and stirred for 10 minutes until a clear evolution or water splitting occurred at - 1 . 43 V vs . NHE . 
yellow sol was obtained . The flask in which the sol was The current density of undoped Iro Sno 20 , at 1 . 75 V ( vs . 
formed was sealed and heated to 75º C . for 24 hours in order NHE ) is 0 . 010 A / cm² . Further , 10 % fluorine doping of the 
to form an amorphous high surface area gel . This gel was catalyst gave a current density at 1 . 75V ( vs . NHE ) of - 0 . 014 
dried in the flask at 75° C . for 48 hours . This niobium oxide 65 A / cm² . This was comparable to pure Iro , which had a 
is used to form our further product of IrzNb . For current density of - 0 . 0138 A / cm² at 1 . 75 V ( vs . NHE ) which 
preparation of fluorine doped niobium oxide , trifluoroacetic is shown in FIG . 6 . It also showed an increase of - 40 % 
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current density with respect to the undoped sample of Lorentzian and Gaussian contribution of the peaks . The 
similar composition . FIG . 7 shows the electrochemical integral breadth of the Lorentzian contribution , determined 
activity of Iro . 25N60 . 7502 and Iro . 25Nb0 . 7502 : F . The current from peak profile analysis using single line approximation 
density of Iro . 25N60 . 750 , and Iro . 25N60 . 7502 : F at 1 . 75 V ( vs method after eliminating the instrumental broadening and 
NHE ) was - 0 . 012 A / cm² and 0 . 014 A / cm² respectively . The 5 lattice strain contribution , was implemented in the Scherrer 
current densities in these catalysts were also comparable to formula to calculate the effective crystallite size of the 
pure Iron . There was an increase of - 20 % in current density ( Ir , Sn , Nb ) 0 , electrode of different compositions . The lattice 
when Iro . 25N60 . 7502 was doped with 10 % fluorine . These parameter of IrO2 , SnO2 , ( Sn , Nb ) O , and ( Ir , Sn , Nb ) O , has 
results clearly indicate that even after reducing the noble been calculated using least square refinement techniques . 
metal loading by 75 at % , electrochemical performance 10 Microstructural Analysis 
comparable to pure Iro , is obtained by doping the catalysts To investigate the microstructure of the thin film elec 
with 10 % fluorine . trodes , scanning electron microscopy ( SEM ) was conducted . 

Specific surface area ( SSA ) of the supports and the Quantitative elemental analysis was investigated using the 
catalysts were measured using the BET technique . The Sno , energy dispersive X - ray spectroscopy ( EDX ) analyzer 
support had a SSA of 161 m² / g and the 10 % fluorine doped 15 attached with the SEM machine . Philips XL - 30FEG 
SnO , had a SSA of 240 m² / g . The Nb , 0 support had a SSA equipped with an EDX detector system comprised of an 
of 257 m² / g and the 10 % fluorine doped Nb . O , had a SSA ultrathin beryllium window and Si ( Li ) detector operating at 
of 389 m² / g . The surface area of Ir Sn1 - 02 and Ir - Sn - 02 : F 20 kV was employed for the secondary electron ( SE ) image 
ranged from 30 m² / g to 70 m² / g . The surface area decreased and elemental analyses . 
with increasing x but was relatively more for the fluorine 20 X - Ray Photoelectron Spectroscopy ( XPS ) Analysis 
doped catalysts . The surface area of Ir Nb 02 and X - ray photoelectron spectroscopy ( XPS ) was used to 
Ir Nb1 - Oz : F ranged from 45 m² / g to 170 m² / g with the SSA investigate the valency of iridium , tin and niobium ions . All 
decreasing with increasing X and was greater for the 10 % the catalysts were analyzed by XPS using a Physical Elec 
fluorine doped electro - catalysts . tronics ( PHI ) model 32 - 096 X - ray source control and a 

22 - 040 power supply interfaced to a model 04 - 548 X - ray 
Example 2 source with an Omni Focus III spherical capacitance ana 

lyzer ( SCA ) . The system was routinely operated within the 
Preparation of the Electrodes pressure range of 10 - 8 to 10 - 9 Torr ( 1 . 3x10 - 6 to 1 . 3x10 - 7 

FIG . 8 shows the molar ratio of Ir : Sn : Nb and the corre - Pa ) . The system was calibrated in accordance with the 
sponding compositions selected for investigation of the 30 manufacturer ' s procedures utilizing the photoemission lines 
anode electrocatalyst for PEM - based water electrolysis . Ey of Cu 2p3 / 2 — 932 . 7 eV , E , of Au 4f7 / 2 — 84 eV and E , of 
Iridium tetrachloride [ IrCl4 , 99 . 5 % , Alfa Aesar ) , niobium Ag 3d3 / 2 - 368 . 3 for a magnesium anode . All reported 
chloride [ NbC15 , 99 . 95 % , Alfa Aesar ] and tin ( II ) chloride intensities were experimentally determined peak areas 
dihydrate [ SnC12 . 2H20 , 98 % , Alfa Aesar ] were used as the divided by the instrumental sensitivity factors . Charge cor 
sources for Ir , Nb and Sn , respectively . The starting precur - 35 rection was obtained by referencing the adventitious C1s 
sor compositions used to synthesize ( Ir , Sn , Nb ) , electro - peak to 284 . 8 eV . 
catalyst is tabulated in Table 1 . Stock solution corresponding Electrochemical Tests 
to IrC14 , SnC12 . 2H20 and NbCl , of the desired compositions The electrochemical activity of IrO2 , ( Sn , Nb ) O2 and ( Ir , 
were dissolved in absolute ethanol inside an atmosphere Sn , Nb ) , of different compositions , used as an oxygen 
controlled glove box ( MBraun Unilab Work station ) to 40 reduction anode for PEM based water electrolysis , was 
prevent any undesired side reaction . The resulting solution conducted in an electrochemical workstation ( VersaSTAT 3 , 
was then spin coated on pretreated titanium ( Ti ) substrates Princeton Applied Research ) using a three electrode cell 
of - 1 cm´ areas ( Speciality coating Systems Inc , Model configuration . A solution containing 1M sulfuric acid 
P6712 ) with rotating speed of 500 rpm for 10 sec . Prior to ( H , SO2 ) was used as the electrolyte while also serving as the 
coating , the Ti substrates were sand blasted and then etched 45 source of the fuel . The H , SO solution was kept at a constant 
in boiling HCl ( 30 % ) for 30 min in order to ensure maxi - temperature of 40° C . using a Fisher Scientific 910 Isotemp 
mum adhesion of the coating . The HCl - treated Ti foil was Refrigerator Circulator . Thin films of Iro , ( Sn , Nb ) , and 
washed with purified water by the Milli - Q system ( 18 ( Ir , Sn , Nb ) O , of different compositions coated on Ti foil 
Mohm . cm deionized water , Milli - Q Academic , Millipore ) were used as the working electrode with an exposed surface 
and dried at 130° C . before coating . The thin film precursors 50 area - 1 cm ' with a total loading of - 0 . 3 mg / cm´ for each 
deposited on the pretreated titanium substrate were dried at system . The polarization curve was recorded with a scanning 
60° C . for 2 h . Following this treatment , they were thermally rate of - 1 mV / sec using platinum as the counter electrode 
treated at 723K for 6 h in air to decompose the precursors and Hg / Hg2SO4 as the reference electrode that had a poten 
and , as a result ( Ir , Sn , Nb ) O , film of different compositions tial of + 0 . 65V with respect to the Normal hydrogen elec 
( Table - 1 ) were generated on the Ti foils . The loading of the 55 trode ( NHE ) . In order to assess the accelerated life test of the 
active ( Ir , Sn , Nb ) O , deposited on the Ti foil was ~ 0 . 3 ( Ir , Sn , Nb ) 0 , electrode as an anode for PEM - based water 
mg / cm2 irrespective of the different compositions . electrolysis , chronoamperometry ( current vs . time ) as well 
Materials Characterization as chronopotentiometry ( potential vs . time ) of selected 

X - Ray Diffraction Analysis samples had been performed for 48 h using 1MH , SO , as the 
In order to perform qualitative phase analysis , the ( Ir , Sn , 60 electrolyte in the same three electrode cell configuration . 

Nb ) , thin film electrode of different compositions coated The chronopotentiometry ( CP ) test had been performed with 
on the Ti foil were characterized by X - ray diffraction ( XRD ) a constant current density of - 0 . 011 A / cm² , whereas chro 
using Philips XPERT PRO system employing Cuk , noamperometry ( CA ) test had been performed with a con 
( a = 0 . 15406 nm ) radiation with operating voltage and cur - stant potential of - 1 . 65V of NHE at a operating temperature 
rent at 45 kV and 40 mA , respectively . The XRD peak 65 of 40° C . Elemental analysis of the electrolyte ( H2SO4 
profile of ( Ir , Sn , Nb ) O , film of different compositions was solution ) , collected after 48 h of CP test , was performed by 
analyzed using the Pseudo - Voigt function to determine the inductively coupled plasma optical emission spectroscopy 
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( ICP - OES , ICAP 6500 duo Thermo Fisher ) in order to and SnC12 . 2H20 ethanol solution , respectively , coated on Ti 
determine the amount of iridium , tin and niobium leached foil at 723K for 4 h . FIG . 2 also shows the XRD patterns of 
out in the solution from the electrode . ( Sno . sNb0 . 5 ) O2 synthesized by thermal decomposition of 
Theoretical Approaches and Details of the Methodology homogeneous mixture SnC12 . 2H20 and NbCl , ethanol solu 

In the present theoretical calculation , the thin film of 5 tion with Sn : Nb molar ratio 1 : 1 coated on Ti foil at 723K for 
( Ir , Sn , Nb ) O , synthesized by thermal decomposition of chlo - 4 h . The XRD patterns of Iro , and Sno , showed tetragonal 
ride precursors on Ti substrate had been considered to structure as expected . The XRD pattern of ( Sno . sNb0 . 5 ) 02 exhibit the rutile structure with a tetragonal unit cell and also showed the tetragonal structure similar to tetragonal space group P42 / mnm following experimental validation . Sno , structure without any detectable peaks of orthorhom The rutile structure of ( Ir , Sn , Nb ) O , thin film electrode had 10 bic or monoclinic Nb20 , which suggest that Nb20 , forms a been confirmed experimentally from XRD analysis pre solid solution with Sno , [ ( Sn , Nb ) 0 ) . Formation of solid sented herein . This unit cell was chosen as the basis for solution of Nb205 with Sno , using the Pechini process was construction of the different super cells corresponding to the also reported . The lattice parameter ( nm ) as well as molar specific Ir , Sn and Nb concentrations of the oxide solid 
solution . In particular . for Iro , and ( Sn Nb - JO , the super 15 Volumes , calculated using least square refinement tech 
cell had been chosen as the regular rutile unit cell with two niques of thin film IrO2 , SnO2 and ( Sno sNb0 . 5 ) O2 are shown 
metal and four oxygen atoms in the primitive unit cell . in Table 2 . The lattice parameter and the molar volume of 
( Ir1 - 2 , Sn , Nb , ) 02 with x = 0 . 125 , 0 . 25 and 0 . 375 composi ( Sn , Nb ) O , was very close to pure SnO2 due to the ionic 
tions were made to fit a four - fold super cell [ 1x1x4 ] com radius of Sn + 4 ( 69 pm ) being comparable with Nb + + ( 68 pm ) 
prising 8 metal and 16 oxygen atoms in the cell unit . For 20 as well as the molar volume of SnO2 ( 21 . 65 cm3 / mol ) and 
calculation of the surface electronic properties of the mate NbO , ( 21 . 17 cm3 / mol ) being close to each other in the bulk 
rials a two - dimensional slab repeated in [ 1 , - 1 , 0 ] direction state . Table 2 also shows the effective crystallite sizes 
with a vacuum distance ~ 15 Å between adjacent images of calculated using the Pseudo - Voigt function involving single 
the slab was selected . line approximation method of the thin films of Iro , , Sno , 

For calculating the total energies , electronic structure and 25 and ( Sn Nbe ) 0 , . As shown in Table 2 the thin films of 
density of electronic states , the Vienna Ab - initio Simulation IrO2 , Sno , and ( Sno sNb0 . 5 ) 0 , were nanocrystalline in 
Package ( VASP ) was used within the projector - augmented nature ( crystallite size below 20 nm ) . The molar volume of wave ( PAW ) method and the generalized gradient approxi nanocrystalline ( ~ 14 nm ) IrO , was higher ( ~ 2 % ) than the mation ( GGA ) for the exchange - correlation energy func corresponding volume in the bulk ( ~ 19 . 22 cm° / mol ) which tional in a form suggested by Perdew and Wang . This 30 suggested that Iro , exhibited lattice softening with refine program calculated the electronic structure and via the ment of crystallite size ( as reported for other systems ) . Hellmann - Feynman theorem , the inter - atomic forces were The XRD patterns of ternary IrOzSnO2 - NbO , system determined from first - principles . Standard PAW potentials 
were employed for the elemental constituents and the Ir , Sn , of different compositions ( Table 1 ) synthesized by thermal 
Nb . and O potentials thus contained nine . four . eleven and 35 decomposition of homogeneous mixture of TrCla , 

Snci , . 2H , O and NbCl , ethanol solution coated on Ti foil are six valence electrons , respectively . 
For all the materials considered , the plane wave cutoff shown in FIGS . 10 and 11 . The XRD patterns of the different 

energy of 520 eV had been chosen to maintain a high compositions showed the peaks corresponding to tetragonal 
accuracy of the total energy calculations . The lattice param - structure which suggested the formation of complete solid 
eters and internal positions of atoms were fully optimized 40 solution between IrO2 , SnO , and Nbo , to form ( ( Ir , Sn . Nb ) 
employing the double relaxation procedure , and conse - 02 ] . Formation of metastable solid solution between Iro , 
quently , the minima of the total energies with respect to the and SnO2 ( Ir1 - S102 ) as well as in the other systems such 
lattice parameters and internal ionic positions had been as Iron SbO2 - SnO , and Sn02 - Iron - Ta , O had been 
determined . This geometry optimization was obtained by reported . The lattice parameters and molar volume , calcu 
minimizing the Hellman - Feynman forces via a conjugate 45 lated using least square refinement techniques of ( Ir , Sn , 
gradient method , so that the net forces applied on every ion NbO , of different compositions are tabulated in Table 2 . 
in the lattice were close to zero . The total electronic energies The lattice parameter and molar volume of 
were converged within 10 - s eV / un cell resulting in the ( Iro . 20 $ 10 . 40N50 . 40 ) 02 ( x = 0 . 40 ) and ( Iro . 15Sno . 425N60 . 425 ) O2 
residual force components on each atom to be lower than ( x = 0 . 425 ) had not been reported in Table 2 since the XRD 
0 . 01 eV / Å / atom , thus allowing for the accurate determina - 50 peak position was not accurately detectable due to the low 
tion of the internal structural parameters . The Monkhorst - intensity and significant broadening of XRD peaks ( FIG . 
Pack scheme was used to sample the Brillouin Zone ( BZ ) 11 ) . The variation of molar volume of ( Ir , Sn , Nb ) with 
and generate the k - point grid for the solids and the different composition , shown in FIG . 12 , clearly showed that the 
isolated atoms used herein . A choice of the appropriate molar volume increases with increasing amount of ( Sn , Nb ) 
number of k - points in the irreducible part of the BZ was 55 0 , as expected due to ionic radius of Nb + 4 ( 68 pm ) and Sn + 4 
based on convergence of the total energy to 0 . 1 meV / atom . ( 69 pm ) being higher than Ir + 4 ( 62 . 5 pm ) as well as molar 

For Ir - Sn - Nb ternary oxide compositions , the corre - volumes of ( Sn , Nb ) , being higher than IrO , ( Table 2 ) . The 
sponding atomic distributions were ambiguous and could be variation of crystallite size , calculated from the most intense 
represented by different spatial configurations . To eliminate peak using single line approximation method with compo 
this uncertainty several atomic configurations for each given 60 sition is also shown in FIG . 12 and tabulated in Table 2 . As 
composition had been constructed and only those configu - shown in FIG . 12 , the crystallite size remained almost same 
rations corresponding to minimal total energies were ( ~ 8 - 9 nm ) up to x = 0 . 30 ( 40 mol % . IrO2 ) , whereas a sudden 
selected for further numerical evaluation of these specific decrease of crystallite size ( ~ 3 nm ) was observed at x = 0 . 35 
compositions of the ternary oxides . ( 30 mol . % Iron ) . This result clearly suggested that ( Ir , Sn , 

Results 65 Nb ) O2 with higher percentage of ( Sn , Nb ) O , exhibited 
FIG . 9 shows the XRD patterns of thin films of pure Iroz smaller crystallite size than 1r02 rich composition . It was 

and SnO , synthesized by the thermal decomposition of IrC14 also suggested that high surface charge , proportional to the 
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active surface concentration , of SnO , rich IrOz + SnO , sys - NHE ) irrespective of the composition which was identical to 
tem could arise due to increase in surface area with addition that of pure Ir02 . The current density at - 1 . 75V ( vs . NHE ) 
of SnO2 . of ( Ir , Sn , Nb ) O , of different compositions with a total load 

The presence of elemental Ir , Sn and Nb in the ( Ir , Sn , Nb ) ing - 0 . 3 mg / cmº identical to that of pure IrO , was plotted in 
O , film of different compositions had been confirmed using 5 FIG . 21 . As shown in FIG . 21 , the current density of 
energy dispersive X - ray spectroscopy analysis ( EDX ) ( Ir , Sn , Nb ) O , up to X = 0 . 30 ( 40 mol . % Iro ) was 
attached to the SEM . The SEM image along with EDX of the - 0 . 0115 + 0 . 0002 A / cm2 which was similar to that of pure 
( Ir , Sn , Nb ) O2 film of composition x = 0 . 125 Ir02 . The above results suggested that the capital cost i . e . the 
[ ( Iro . 75S10 . 125N60 . 125 ) O2 ] and x = 0 . 40 [ ( Iro . 2Sno . 4N60 . 4 ) 02 ) , noble metal Iro , loading could be reduced by ~ 60 mol . % 
shown in FIGS . 13 and 14 , respectively , indicated the 10 with the addition of ( Sn , Nb ) O , while still maintaining simi 
presence of characteristic “ mud crack ” morphology of ( Ir , lar electrochemical activity as that of pure IrOz . The elec 
Sn , Nb ) O , film coated on the Ti foil . However , the morphol - trochemical activity decreased with reduction in Iro , below 
ogy of the coated ( Ir , Sn , Nb ) O , electrocatalyst , synthesized 40 mol . % ( x = 0 . 3 ) which may be due to the lattice being 
by thermal decompositions of the spin - coated homogeneous predominantly dominated by ( Sn , Nb ) O , below 40 mol . % of 
mixtures of the metal precursors on Ti foil , was affected by 15 Iro , and as a result , the Iro , concentration at the surface was 
the composition . The coatings obtained with higher Iroz likely depleted with respect to ( Sn , Nb ) O , 
concentration ( FIG . 13 ) showed less cracks compared to the In order to assess the structural stability of anode electro 
lower IrO2 concentration ( FIG . 14 ) . The high magnification catalyst ( Ir , Sn , Nb ) O2 in 1M H2SO4 , chronoamperometry 
SEM image of x = 0 . 125 ( FIG . 13c ) showed the presence of ( CA ) was conducted for 22 h at 40° C . at a constant voltage 
fine particles in the nanometer range ( ~ 10 - 15 nm ) which was 20 of - 1 . 65V and chronopotentiometry ( CP ) test was con 
comparable with the calculated crystallite size from the ducted for 44 h at 40° C . at a constant voltage of - 1 . 65V for 
XRD pattern ( FIG . 12 ) . Quantitative elemental composition select samples . The CA curves , obtained at a constant 
analysis of the ( Ir , Sn , Nb ) O , films obtained by EDX , pre voltage of ~ 1 . 65V / cm² , of ( Ir , Sn , Nb ) O , with a composition 
sented in FIG . 8 and tabulated in Table 1 , showed that the of ( Iro 4Sno 3Nb03 ) 0 , along with pure IrO2 , are shown in 
measured compositions are close to the nominal composi - 25 FIG . 22 . The CA curve showed a marked decay of current 

( 13 % of the initial value ) for both electrodes in the initial 
In order determine the valence state of Ir , Sn , Nb and 0 period of 30 min during oxygen reduction processes which 

in the Iro , and SnO , as well as ternary ( Ir , Sn , Nb ) O , sys may be due to significant dissolution of irregular coatings 
tems , XPS studies had been performed on the thin film . The located at the edge of the mud cracks or may be due to 
XPS spectra of Ir and Ols peak of pure Iro , and ( I r , 30 diffusion controlled reactions . A steady state of current 
Sn , Nb ) O , thin film of different compositions are shown in - 0 . 006 A / cm² had been achieved after 1 h of initial period 
FIGS . 15 and 16 , respectively . The XPS spectra of Ir for ( Iro . 4Sno 3N60 . 3 ) O2 , whereas pure IrO2 showed a con 
corresponding to pure Iro , and ( Ir , Nb , SnO , ( FIG . 15 ) tinuous drop in current at a constant rate may which may be 
showed the presence of Ir 4f3 / 2 and Ir 4f7 / 2 doublet . The due to the continuous loss of active Iro , catalyst from the 
binding energy of Ir 4f512 and Ir 4f72 of pure Iro , and 35 surface . The CP curves , obtained at a constant current of 
( Ir , Nb , Sn ) O , is ~ 65 . 0 eV and ~ 62 . 0 eV , respectively , ( FIG . - 0 . 011 A / cm² , of ( Ir , Sn , Nb ) O2 with a composition of 
15 ) and O1s peak centered at ~ 530 eV ( FIG . 16 ) which was ( Iro 4Sno 3Nb03 ) 0 , along with pure IrO2 , are shown in FIG . 
consistent with the values of bulk IrO2 . The XPS spectra of 23 . The CP results also showed a higher rate of increase of 
Sn corresponding to pure Sno , and ( Ir , Sn , Nb ) O , thin films potential in the case of Iro , in comparison to 
of different compositions is shown in FIG . 17 . The XPS 40 ( Iro4Sn . 3N603 ) 0 , which also confirmed that the dissolu 
spectra of Sn showed the peak separation of Sn3d32 and tion rate of Iro , was higher in case of pure Iro , electrode in 
Sn3dz , for pure SnO , as well as ( Ir , Sn , Nb ) , with a binding comparison to ( Ir , Sn , Nbo 30 , . The ICP results , con 
energy of - 487 eV and - 495 eV , respectively , and the 01s ducted in the H2SO4 electrolyte solution collected after 44 h 
line centered at - 531 eV ( FIG . 16 ) which was consistent of CP measurement , showed the presence of 0 . 44 ppm of Sn , 
with the values of stoichiometric SnO2 . Furthermore , the 45 0 . 28 ppm of Nb and 0 . 14 ppm of Ir for ( Iro . 4810 . 3N60 . 3 ) 02 
XPS spectra of Nb in ( Ir , Sn , Nb ) , thin film of compositions whereas pure Iro , shows 0 . 35 ppm of Ir which suggested 
X = 0 . 30 to x = 0 . 425 , shown in FIG . 18 , showed the peak that the presence of ( Sn , Nb ) O , improved the corrosion rate 
separation of Nb 3d5 / 2 and Nb 3d3 / 2 with a binding energy of of IrO2 . The improved corrosion of ( Ir , Nb , Sn ) O , electrode 
- 207 eV and - 210 eV , respectively which was correspond compared to that of pure Iro , electrodes was primarily 
ing to NbO . 50 attributed to the formation of a solid solution of Iron 

The electrochemical activity of thin film nanocrystalline Sn0 , — NbO2 . Since both SnO , and NbO2 were very stable 
IrO2 , ( Sn , Nb ) O2 and ( Ir , Sn , Nb ) 0 , of different compositions chemically , the homogenous mixing of Iro , with SnO , and 
had been studied as suitable oxygen reduction anode electro NbO2 by forming a solid solution increased the overall 
catalysts for PEM - based water electrolysis . The polarization chemical stability and decreased the rate of Iro , dissolution . 
curve of pure Iro , and ( Sn , NbO , film , conducted in the 55 This led to a significant increase in the electrode service life 
presence of 1MH2SO4 solution at 40° C . with a scan rate of in the operating conditions of PEM - based water electrolysis . 
1 mV / sec , is shown in FIG . 19 . The polarization curve of Therefore , identified were promising ( Sn , Nb ) O , supports or 
IrO2 , shown in FIG . 19 , clearly indicated that water splitting diluents for IrO , anode electrocatalyst with the ability to 
( oxygen evolution reaction ) reaction occurring at a potential significantly reduce the noble metal oxide loading without 
of - 1 . 43V vs . NHE . The current density at - 1 . 75V ( vs . 60 compromising the electro - catalytic performance and chemi 
NHE ) was - 0 . 0117 A / cm2 with a total loading - 0 . 3 mg / cm2 cal stability . 
of IrO2 . On the other hand , ( Sn , Nb ) O2 showed no catalytic The above results clearly suggested that ( Ir , Sn , Nb ) O2 
activity for water electrolysis as expected indicating its with a composition up to 40 mol . % of Iro2 ( x = 0 . 3 ) showed 
potential use as a catalyst support . The polarization curve of similar electrochemical activity in comparison to pure Iron 
ternary ( Ir , Sn , Nb ) O , films of different compositions , plotted 65 as an anode for PEM - based water electrolysis . The activity 
in FIG . 20 , also showed that water splitting ( oxygen evo - of the ( Ir , Sn , Nb ) 0 , electrocatalyst was expected to depend 
lution reaction ) occurred at the potential of - 1 . 43V ( vs . on the electronic structure as well as electronic conductivity , 
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and the long term stability of the electrode was expected to to significantly deteriorate the catalytic properties of the 
depend on the cohesive energy . The effect of compositions material as confirmed by the experimental results shown in 
on the electronic conductivity , and structural stability of the FIGS . 20 and 21 . 
( Ir , Sn , Nb ) O , as well as a shift of the d - band center in Ir with There is the existence of a simple descriptor for deter 
decrease of Ir - concentration in the material may be under - 5 mining the catalytic activity of the surface . This descriptor 
stood from the theoretical considerations . The computa had been defined as a gravity center of d - band of the noble 
tional component was an attempt to systematically investi metal & q usually located in the vicinity of the Fermi level . An 
gate the electronic properties of the different solid solutions optimal position of the d - band center provided an optimal 
between IrO , , SnO , and NbO , oxides described earlier . The interaction between the catalytic surface and the various 
following compositions of the solid solutions had been 10 species participating in the catalytic reactions predominantly 

occurring at the surface . Since , such an interaction should be chosen to model the actual compounds considered : pure considered ' just right ' implying resulting in a moderate 
IrO2 , ( Sno . sNb0 . 5 ) O2 and ( Iro . 75Sno . 125N60 . 125 ) O2 , effect allowing reagents and products to adsorb at the surface ( Iro . 50Sno . 25Nb0 . 25 ) O2 and ( Iro . 25Sn0 . 375Nb0 . 375 ) O2 . The and leave also most efficiently . Thus an adjustment of the 
total energy , electronic and optimized crystal structures , 15 d - band center position with respect to the Fermi level may total and projected densities of electronic stated together play a critical role in designing novel catalyst materials . 
with the cohesive energies for the different compositions of The electronic structure of the stable surfaces for the 
( Ir , Sn , Nb ) O , had been calculated using the first principle above mentioned Ir - based oxides had been calculated and 
approach within the density functional theory . An effect of the positions of corresponding Ir d - band centers had been 
introduction of tin and niobium dioxides into IrO2 on the 20 obtained as a first moment of n , ( E ) : 
electronic conductivity and structural stability of the com 
pounds as well as a position of Ir d - band center with & q = Sna ( E ) EdE / Ind ( E ) dE . 
decrease of Ir - concentration in the material was considered . FIG . 27 shows partial Ir d - band densities of states together 
Pure Iro , corresponded to 0 mole % of tin and niobium with corresponding centers of these zones marked with 
oxides and thus represented a starting point for the example 25 vertical arrows on the graphs . The d - centers for Ir compo 
employing a full range of Sn and Nb concentrations . Table sitions from 100 at % up to 50 at % of Iro , located virtually 
3 summarizes the structural parameters calculated and at the same position with respect to the Fermi level ( - 1 . 31 - - 
experimentally obtained . The calculated structural param 1 . 33 eV ) . However , further decrease of Ir - content caused a 

noticeable shift of Ir d - band center upward and for 25 mol . eters were in a good agreement with other experimental data . 
Calculated equilibrium molar volume , shown in FIG . 12 , 30 FIG 1230 % of IrO2 & q reached its position at - 0 . 49 eV indicating that 
demonstrated the same dependence on Ir concentration as in general , an overall chemisorptions reaction of different 

species reacting at the surface was noticeably stronger at this obtained experimentally . Slight overestimations of calcu composition rather than at higher Ir content . Assuming that lated lattice parameters and molar volumes were expected pure Iro , demonstrated an optimal catalytic activity corre for GGA approximation utilized . sponding to EF - 1 . 33 eV a significant drop in the activity 
The total and projected densities of electronic states observed experimentally for Iro , content below 40 mol . % 

calculated for pure Iro , are shown in FIG . 24 . The main ( see FIG . 14 ) could be most likely explained by a positive 
energy band structure of Iro , consisted of two bands . The shift of the Ir d - band center deviating the catalytic activity 
low energy band between - 19 . 2 and - 17 . 5 eV was com from its optimal value . Such a behavior of the d - band center 
posed of the 2s states of oxygen and the wide valence band 40 could be attributed to complex hybridization of electronic Ir 
around Fermi level consisted of hybridized O 2p - Ir 5d states d - states and corresponding d - and s , e - states of Nb , Sn and 
with two prominent peaks corresponding to these O 2p and O during formation of the solid solution ternary oxide . 
Ir 5d states and providing a metallic type of electronic The cohesive energy Econ was calculated for the materials 
conductivity characteristic of IrO2 . Introduction of Sn and considered and collected in Table 2 . Decrease of Ir concen 
Nb into Iro , matrix was supposed to change the electronic 45 tration in the compound led to an increase in the Ecoh values 
properties of the compound thus , the electronic structure of ( more negative values ) and thus , resulted in an overall 
bulk as well as the electronic structure of the most stable improved structural and chemical stability of the oxide . 
surface had been calculated for ternary compositions of Such an improvement may be due to presence of much 
( Ir , Sn , Nb , ) 0 , with x = 0 , 0 . 125 , 0 . 25 , 0 . 375 , and 0 . 5 . Total stronger Nb bonds in comparison with Iro ones 
electronic densities of states for all these compositions are 50 ( calculated Ecoh for pure Nb0 , is - 18 . 251 eV / fun . vs . 
shown in FIG . 25 . All the compounds demonstrated metallic – 15 . 859 eV / f : un . for Iro , ) . An increase in the cohesive 
behavior although to different extents . Since in general , energy of the iridium oxide doped with tin and niobium 
metallic conductivity was proportional to the density of indicated an even better structural and chemical stability of 
states at Fermi level n ( EF ) , it provided an opportunity to the new material in comparison to the original pure Iro , . 
qualitatively evaluate the correlation between residual 55 Conclusions 
amount of Ir in the ternary compounds and the electronic Nanostructured solid solution of IrO2 , SnO2 and NbO2 , 
conductivity of the materials . FIG . 26 shows the dependence denoted as ( Ir , Sn , Nb ) 02 , coated as a thin film on Ti foil had 
of n ( EF ) vs . composition of ( Ir - Sn - NbO , . For compari - been considered as a promising oxygen reduction anode 
son , the values of n ( Ep ) were normalized to electrons per electrocatalyst for PEM - based water electrolysis . A homo 
one ( Ir7 - 2 Sn , Nb ) O , formula unit . The graph showed that 60 geneous mixture of IrC14 , SnC12 . 2H20 and NbCl , ethanol 
the conductivity decreased with decrease of Ir - content up to solution in a wide range of compositions was coated on 
0 . 25 atoms per formula unit ( x = 0 . 375 ) and then the conduc - pretreated Ti foil . The ( Ir , Sn , Nb ) O , solid solution in a wide 
tivity value was maintained almost the same as zero content range of compositions corresponding to ( Ir , 2 Sn Nb , ) 0 
of Ir . Poor electronic conductivity was customarily expected with x = 0 , 0 . 125 , 0 . 20 , 0 . 25 , 0 . 30 , 0 . 35 , 0 . 40 , 0 . 425 and 0 . 50 
to impair the overall catalytic activity of the material , 65 had been synthesized by thermal decomposition of metal 
however reduction in the conductivity with decrease of Iron precursors coated on Ti foil at 723K for 6 h in air . The molar 
concentration up to 50 mol . % most likely was not sufficient volume of ( Ir1 - 22SnNbz ) 02 , calculated from least square 
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refinement techniques , had been identified to increase with TABLE 2 - continued 
increasing amount of Sn and Nb due to the higher ionic radii 
of Nb + 4 ( 68 pm ) and Sn + 4 ( 69 pm ) compared to Ir + 4 ( 62 . 5 Lattice parameter , molar volumes and crystallite size of 
pm ) . It had also been identified that the crystallite size of IrO2 , SnO2 , ( Sn , Nb ) O , and ( Ir , Sn , Nb ) 0 , of different compositions . 
( Ir1 - 2 , Sn , Nb , ) 02 decreased significantly with increase of a = b c Vm CS 
( Sn , Nb ) O , content above x = 0 . 30 . The electrochemical per - Composition ( nm ) ( nm ) ( cm3 / mol ) ( nm ) 
formance of ( Ir1 - 2xSn , Nb , ) 02 as a promising oxygen reduc 
tion electrocatalyst had been carried out in the presence of ( Iro . 3S10 . 35Nb0 . 35 ) O2 3 . 7 

IN H2SO4 as a fuel at 40° C . The electrochemical activity , 10 ( Iro . 20Sn0 . 40N60 . 40 ) 02 
measured as a current at 1 . 75V ( vs . NHE ) , of ( Ir , Sn , Nb ) O , ( Iro . 15S10 . 425Nb0 . 425 ) O2 
showed similar performance up to 40 mol . % IrO , ( x = 30 ) 
whereas ( Iro . 20 Sno . 40N50 . 40 ) 02 shows only 20 % lower activ 
ity in comparison to pure IrO2 . Therefore , a significant TABLE 3 
reduction of noble metal oxide loading could be achieved in 15 Calculated and experimental ( in parenthesis ) lattice parameters , 
the presence of ( Sn , Nb ) O2 support , and as a result a signifi cohesive energy and density of electronic states at Fermi level 

cant reduction in capital cost of PEM - based water electro n ( Ef ) lyzers without resulting in major alterations , compromises Ecoh el . / 
or reduction in the electrochemical performance . The 20 a = b c ( eV / eV / 

20 Composition ( A ) ( A moly fu . ) fu . ( Sn0 . 5Nb0 . 5 ) 0 , support also improved the corrosion stabil 
ity of the Iro , electro - catalyst in oxygen reduction pro - IrO2 4 . 511 3 . 235 19 . 82 - 15 . 859 2 . 15 
cesses . The excellent electrochemical activity exhibited by ( 4 . 537 ) ( 3 . 169 ) ( 19 . 64 ) 

SnO2 4 . 772 3 . 216 22 . 13 - 15 . 237 0 the solid solutions as well as the anticipated long term ( 4 . 736 ) ( 3 . 188 ) ( 21 . 53 ) 
structural stability of ( Ir , Sn , Nb ) O2 during water electrolysis 25 ( Iro . 75Sn0 . 125N60 . 125 ) 02 4 . 633 3 . 182 20 . 57 - 16 . 964 1 . 97 

( 4 . 565 ) ( 3 . 414 ) ( 19 . 74 ) had been shown using first - principles calculations of the ( Iro . 50Sno . 25Nb0 . 25 ) 4 . 722 3 . 147 21 . 13 - 17 . 315 1 . 23 total energies , electronic structures and cohesive energies of ( 4 . 589 ) ( 3 . 139 ) ( 19 . 90 ) 
the model systems . 

ic 

TABLE 1 

Composition of homogeneous mixture of IrCl4 , SnCl2 . 2H20 and NbCl , used to generate ( Ir , Nb , 
Sn ) O , film on Ti foil after thermal treatment at 723 K and the nominal compositions of ( Ir , Sn , Nb ) , in at . 

% . The elemental compositions of ( Ir , Sn , NbO , film obtained by EDX analysis is also tabulated . 

Nominal oxide composition 
at at . % 

Composition by 
EDX analysis Composition studied 

48 at . % Sn - 52 at . % Nb 

IrCl4 
SnCl2•2H20 
0 . 50 mole SnCl2 . 2H2O + 0 . 50 mole 
NbCl . 
0 . 75 mole SnCl2 + 0 . 125 mole 
SnCl2•H2O + 0 . 125 mole NbCl , 
0 . 60 mole IrCl2 + 0 . 20 mole 
SnCl2 •H2O + 0 . 20 mole NbCl , 
0 . 50 mole IrCl4 + 0 . 25 mole 
SnCl , H , O + 0 . 25 mole NbCl , 
0 . 40 mole IrCl4 + 0 . 30 mole 
SnCl2 •H2O + 0 . 30 mole NbCl , 
0 . 30 mole IrCl4 + 0 . 35 mole SnCl , •H2O + 
0 . 35 mole NbCl , 
0 . 20 mole IrC14 + 0 . 40 mole SnCl2 . H2O + 
0 . 40 mole NbC15 
0 . 15 mole IrC14 + 0 . 45 mole SnCl2•H2O + 
0 . 45 mole NbCl . 

IrO2 
SnO2 
50 at . % SnO2 - 50 at . % NbO2 
( Sno . sNb0 . 502 
75 at . % Ir02 - 12 . 5 at . % SnO2 - 12 . 5 
at . % NbO2 
60 at . % IrO2 - 20 at . % SnO , - 20 
at . % NbO , 
50 at . % IrO2 - 25 at . % SnO2 - 25 
at . % NbO2 
40 at . % IrO2 - 30 at . % SnO2 - 30 
at . % NbO2 
30 at . % Ir02 - 35 at . % SnO , - 35 
at . % NbO2 
20 at . % Ir02 - 40 at . % SnO2 - 40 
at . % NbO2 
15 at . % Ir02 - 45 at . % SnO2 - 45 
at . % NbO2 

76 at . % Ir - 11 at . % 
Sn - 13 at . % Nb 
55 at . % Ir - 22 at . % 
Sn - 23 at . % Nb 
44 at . % Ir - 26 at . % 
Sn - 30 at . % Nb 
36 at . % Ir - 29 at . % 
Sn - 35 at . % Nb 
26 at . % Ir - 34 at . % 
Sn - 40 at . % Nb 
23 at . % Ir - 34 at . % 
Sn - 43 at . % Nb 
17 at . % Ir - 40 at . % 
Sn - 43 at . % Nb 

TABLE 2 TABLE 3 - continued 55 

Lattice parameter , molar volumes and crystallite size of 
IrO2 , SnO2 , ( Sn , Nb ) O , and ( Ir , Sn , Nb ) , of different compositions . 

Calculated and experimental ( in parenthesis ) lattice parameters , 
cohesive energy and density of electronic states at Fermi level 

a = b 
( nm ) Composition 

60 a = b 
( A ) 

c 
( A ) 

( cm3 ) 
mol ) 

n ( E1 ) 
el . 
eV / 
f . u . 

Ecoh 
( eV / 
f . u . ) Composition 

- 17 . 560 

CV , CS 
( nm ) ( cm / mol ) ( nm ) 

- 

0 . 3169 19 . 64 
0 . 3188 21 . 53 
0 . 3149 21 . 40 
0 . 3414 19 . 74 
0 . 3416 19 . 83 
0 . 3139 19 . 90 
0 . 3132 19 . 96 

IrO2 
SnO2 
( Sno . 5N60 . 5 ) O2 
( Iro . 75Sno . 125N60 . 125 ) O2 
( Iro . Sno . 2N60 . 2 ) 02 
( Iro . Sno . 25N60 . 25 ) O2 
( Iro . 4Sno . 3N60 . 3 ) 02 

0 . 90 

0 . 4537 
0 . 4736 
0 . 4751 
0 . 4565 
0 . 4578 
0 . 4589 
0 . 4599 tooooaa ( Iro . 25Sn0 . 375Nb0 . 375 ) O2 

( S10 . 5Nbo . s ) 02 
4 . 746 

( 4 . 608 ) 
4 . 782 

( 4 . 751 ) 

3 . 203 
( 0 . 3131 ) 
3 . 206 
( 3 . 149 ) 

21 . 72 
( 20 . 02 ) 
22 . 07 

( 21 . 40 ) 
- 16 . 594 0 . 92 

65 
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Example 3 considered to be a very reasonable initial configuration for 

conducting further numerical optimization studies . 
The electronic structures of CaNb206 , SnTa 06 , Results 

Ca , Nb , 07 , and Ca , Ta , O , compounds were doped with The electronic structures of orthorhombic CaNb , Og and 
small amounts of elements from 3A , 3B , 5B , 6A groups of 5 CaTa 06 were very close due to the isoelectronic similarity 
the Periodic Table as well as F from group VII . of Nb and Ta . It was also for this reason that Sn Nb , O , and 
Theoretical Approaches and Details of the Methodology Sn , Ta , O , with the pyrochlore structure exhibited similar 

For calculating the total energies , electronic structure and characteristics . Table 4 shows the structural parameters of 
density of electronic states the Vienna Ab - initio Simulation the oxides obtained experimentally and from calculations . 
Package ( VASP ) was used within the projector - augmented | 10 The results of the calculations obtained from the structural 
wave ( PAW ) method and the generalized gradient approxi optimization were in very good agreement with experimen 

tal measurements and were characterized by an error of less mation ( GGA ) for the exchange - correlation energy func than 1 . 0 % for orthorhombic structures and ~ 1 . 2 % for pyro tional in a form suggested by Perdew and Wang . This chlore compounds . This margin of error is common for 
program calculated the electronic structure and via the 15 calculations utilizing the GGA approximation for the 
Hellmann - Feynman theorem , the inter - atomic forces were exchange - correlation potential . 
determined from first - principles . Standard PAW potentials FIGS . 28 and 29 show the total ( DOS ) and partial ( PDOS ) 
were employed for the elemental constituents of all pure and density of electronic states for all the four parent materials . 
doped compounds in the study . The energy scale has been shifted in such a way that the zero 

For all the materials considered the plane wave cutoff 20 corresponds to the Fermi energy . The occupied bands of all 
energy of 520 eV had been chosen to maintain high accuracy the materials consisted of Ca3p , O2s , O2p , and , to some 
of the total energy calculations . The lattice parameters and extent , Nb or Ta d - orbitals . The valence band consisted 
internal positions of atoms were fully optimized during the primarily of O2p states with small admixture of transition 
double relaxation procedure employed , and consequently , metal d - orbitals . The conduction bands of the materials were 
the minima of the total energies with respect to the lattice 25 composed of Nb4d or Ta5d orbitals hybridized with another 
parameters and internal ionic positions had been determined . part of O2p states . All of the materials demonstrated a 
This geometry optimization was obtained by minimizing the forbidden energy gap between the valence and conduction 
Hellman - Feynman forces via a conjugate gradient method , bands . Values of the band gaps ( BG ) calculated within the 
so that the net forces applied on every ion in the lattice are DFT methodology were usually underestimated , so that the 
close to zero . The total electronic energies were converged 30 absolute calculated values of BGs were not be taken into 
within 10 - 5 eV / un . cell resulting in the residual force com - quantitative consideration . Electronic structure calculations 
ponents on each atom to be lower than 0 . 01 eV / Å / atom , thus for these oxides reported in the literature demonstrated the 
allowing for the accurate determination of the internal same features as discussed above thus validating data 
structural parameters . Since the doped structures contained obtained in the example . 
a small amount of additional elements , it was expected that 35 Since all the four oxides are semiconductors , their elec 
the equilibrium volume of the basic unit cell was not tronic conductivity was still inadequate for use as electrode 
substantially altered . Hence , only internal atomic positions materials for electrolysis . 
had been optimized during the calculations keeping the One atom of each dopant had been placed into the 
volumes of the unit cells identical to that of the correspond - elementary cell ( pyrochlore structure doped with fluorine 
ing undoped parent materials . 40 was the only exception , where two oxygen atoms out of 56 

The Monkhorst - Pack scheme was used to sample the in the unit cell were replaced by fluorine atoms ) . Such a 
Brillouin Zone ( BZ ) and generated the k - point grid for the selection eliminated any uncertainty in the atomic configu 
solids and the different isolated atoms used . A choice of the rations occurring due to the presence of multiple ( two or 
appropriate number of k - points in the irreducible part of the more ) doping atoms in the unit cell . For example , the 36 
BZ was based on convergence of the total energy to be 0 . 1 45 atom elementary unit cell of the orthorhombic 
meV / atom . For pure and doped forms of CaTa 06 , Ca ( Nb / Ta ) Os contained 4 Ca , 8 Nb or Ta , and 24 O ions , so 
CaNb , 06 , as well as for Ca , Ta , O , and Ca Nb , 0 , , the that those elements substituted for Ca in the unit cell 
following numbers of k - points in the irreducible parts of BZ replaced one Ca atom out of the four available . Similarly , 
were used : 84 , 84 , 39 , and 39 points , respectively . For the only one atom from the 6B - group was substituted for one 
total energy calculations of isolated atoms of all elements 50 atom of Nb or Ta out of the existing 8 sites and one atom of 
comprising the materials considered , a cubic box with edges F replaced one out of 24 oxygen atoms available in the unit 
of 10x10x10 Å3 was chosen to eliminate possible interaction cell . In the case of the pyrochlore structure the 88 atomic 
between atoms caused by the periodic boundary conditions . elementary unit cell contained 16 Ca atoms , 16 Nb or Ta 
Test calculations with the box size of 15x15x15 Å3 for an atoms and 56 0 . Again , only one atom of each dopant 
isolated oxygen atom had shown a difference in total ener - 55 substituted for the corresponding atomic site of Ca , Nb , or 
gies within 0 . 2 meV / atom with respect to the box size of Ta out of the 16 available for each site , but as mentioned 
10x10x10 Å " , which was small enough not to contribute a above , two F atoms replaced two oxygen atoms out of 56 
significant error in the calculations of the cohesive energy . available to maintain a reasonable F - concentration in the 
Thus , 10x10x10 Å3 box size had been used for all the other materials . The valence electronic configurations of Ca , Nb , 
elements . CaNb20 and CaTa 06 adopted orthorhombic 60 Ta , and O atoms were 4s23pº , 4pº5s , 4d4 , 6s - 5d " , and 
crystal structures with Pbcn and Pnma space groups respec - 2s 2p % , respectively . The electronic configurations for Sc , Y 
tively , and 36 atoms in the conventional unit cell ( Z = 4 ) [ 29 , are 4s23d " , 4s24p 5s24d " , respectively ; for B , Al , Ga , In are 
30 ] . Ca Nb20 , and Ca Ta , 0 , exhibited the same pyrochlore 2s22p ' , 3s²3p1 , 3d104s24p ? , 4d105s25p " , respectively ; for As , 
type of structure with Fd - 3m space group and Z = 8 ( 88 S b , Bi are 4s24p " , 5s25p " , 6s - 6p " , respectively ; for Cr , Mo , 
at / unit cell ) . It was important that all the structures were 65 W are 3d4s , 4d5s " , 5dº6s ? , respectively ; for F — 2s22p " . 
considered to be optimized during the total energy calcula - Since , the niobates and tantalates considered have similar 
tions and hence , this spatial atomic distribution could be electronic structure ( compare FIGS . 28 and 29 ) the results 
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focused on calcium niobates doped with the different ele Also , similar to 3A dopants due to additional free electrons 
ments mentioned above . Most of the conclusions derived on brought into the system , the Fermi level of the doped 
doped calcium niobates can also be applied to the corre - structures also was shifted towards the conduction band 
sponding iso - electronic calcium tantalates , and hence the resulting in metallic conductivity of the material . The band 
results obtained for calcium tantalates are shown mainly for 5 gap between the valence and conduction bands was about 
illustration purposes . 3 . 2 eV and did not change significantly with respect to that 

Ca ( Nb / Ta ) 206 with Dopants of the undoped oxide ( 3 . 4 eV ) , so that small amounts of 
Due to the isoelectronic nature of elements belonging to 5B - group elements did not noticeably affect the width of the 

the same group of the Periodic Table , the electronic structure forbidden zone . A similar picture was observed for CaTa , 
changes resulted from doping of such elements qualitatively 10 doped with the same 5B elements demonstrating that the 
were very similar , so that it discussed in detail only one or values of the energy gap between the valence and conduc 
two representative dopants from each group and mention tion bands for the three dopants were 3 . 10 eV , 3 . 15 eV and 
briefly the results for other members of the particular 3 . 40 eV for As , Sb and Bi respectively , which correlated well 
periodic group . with the calculated band gap for the pure CaTa 06 of ~ 3 . 4 
3A and 3B Group Elements 15 eV . 
As it was mentioned above , Sc and Y were chosen from Incorporation of 6A transition metal , such as Cr , Mo , and 

3A group and B , Al , Ga , In from 3B . All the elements had w demonstrated similar features in the electronic structure 
valence + 3 , so that they served as donors of additional free as those resulting due to 3B - doping ( see FIGS . 31 b , c ) . Cr , 
electrons when replaced for divalent Ca2 + . The total and Mo and W as dopants introduced new states which were 
partial electronic densities of states calculated for 20 their own valence d - states located in the energy gap between 
Can 7 ScoNb , are shown on FIG . 30a . Almost identical valence and conduction bands and marked with arrows in 
results were obtained for Y - doping due to the same outer FIG . 31 b , c . In case of Ca [ Nbo . 875Cr . 125120 , the partially 
electronic configuration . The doped system demonstrated occupied Cr3d - states were completely localized and sepa 
very similar electronic structure as undoped CaNb , Og oxide rated from the main conduction band by an energy gap of 
( compare FIG . 28a and FIG . 30a ) . The only prominent 25 about 1 . 76 eV . A similar situation was observed for Mo 
difference was that in the doped system the Fermi level doped CaNb206 . There was also a partially occupied middle 
shifted toward conduction band making this material metal - portion of Mo4d states separated from the upper conduction 
lically conductive . It occurred due to strong hybridization of band by a small energy gap of ~ 0 . 22 eV that facilitated 
Sc 3d ( or Y 4d ) and Nb 4d zones forming the conduction electron transition to the conduction band and , thus 
band occupied with additional electrons being brought into 30 improved the overall electronic conductivity of the material . 
the system by the donor serving Sc - or Y - doping . The band In the case of the W - doped material these corresponding 
gap value between valence and conduction bands was not W5d - states overlapped with the Nb5d conduction band thus 
changed during doping and remains ~ 3 . 4 eV . Sc - and Y - dop - resulting in the activation energy for the conductivity equal 
ing of CaTa 06 demonstrate the same results as for to zero ( FIG . 31 c ) . In the case of CaTa20 . doped with Cr , 
CaNb20 discussed above . 35 Mo , and W , the three doped oxides remained semiconduc 
As for doping with 3B - elements , the results were different tors and there was no overlap between W5d - states and the 

from those seen for 3A - dopants . The total and partial DOS Ta5d conduction band ( see Table 5 ( b ) for the activated 
for CaNb20 . doped with B and Al are shown on FIGS . 30 , conductivity values ) . 
b and c . In contrast to doping of 3A - elements , incorporation FIG . 32 shows DOS calculated for F - doped CaNb206 . F 
of 3B - elements introduced a new non - hybridized com - 40 introduced its own local p - zone located ~ 2 eV below the 
pletely localized impurity zone which was their own valence main valence zone formed by 2p - states of oxygen . Total 
S - states located in the energy gap between valence and density of states in the vicinity of the Fermi level was similar 
conduction bands ( see partial density of states of B and Al to what was seen in the case of the structure doped with 
in the bottom graphs in FIG . 30 b , c and denoted by arrows ) . group 3A ( Sc ) and group 5B ( As ) elements . No impurity 
This impurity s - zone was separated from the main conduc - 45 states appeared within the band gap so that the Fermi level 
tion band by an energy gap of 2 . 42 eV for B and 0 . 44 eV for shifted towards the conduction band resulting in metallic 
Al doping , which was the value of the activation energy , Ea conductivity of the material . The same result was observed 
for the electronic conductivity determined by electron tran for F - doped CaTa20 as well as for fluorine doped tin oxide 
sitions from these localized s - states to the conduction band . ( Sn0 , : F ) . 
Similar situations were observed for Ga and In - doped 50 Pyrochlore Caz ( Nb / Ta ) 20 , with Dopants 
CaNb206 and CaTa206 . The corresponding activation The pyrochlore niobates and tantalates doped with the 
energy values Eq together with resulting types of conduc dopants considered herein demonstrated very similar behav 
tivity were collected in Table 5 ( a ) for all the materials ior in terms of band structure in the vicinity of the Fermi 
considered . level and activated conductivity as for corresponding doped 

5B and 6A Group Elements and F 55 orthorhombic structure of Ca ( Nb / Ta ) 206 . 
The total and partial DOS calculated for FIG . 33 a - c demonstrated the electronic density of states 

Ca0 . 75A80 . 25Nb206 , Ca [ N60 . 875 Cr0 . 1251206 and calculated for the pyrochlore structures of calcium niobates 
Ca [ N60 . 875 W0 . 125 ] 20 . are shown on FIG . 31 a - c . In contrast doped with Sc , B , and Al , respectively . The pyrochlore 
to pure CaNb , 06 , the electronic structures of the doped niobate doped with Sc ( as well as with Y ) did not demon 
oxides displayed several features related to the substituted 60 strate significant changes in electronic structure with respect 
dopants . The main differences between pure CaNb206 and to the pure undoped structure ( compare FIG . 29 a and FIG . 
the structure doped with As , Sb , or Bi ( Sb and Bi doped 33 a ) . The only distinction noticeably evident is the Fermi 
compounds not shown due to their similarity ) were the level located at the bottom of the conduction band , since an 
appearance of the s - states of the dopants indicated by arrows additional valence electron had been contributed into the 
hybridized with O2p states located at the bottom of the 65 whole system by the impurity atom . Thus the d - states of the 
valence band and separated from the upper portion of the dopants were located at the same energy level as the Nb4d 
valence band by an energy gap of 3 - 4 . 5 eV ( see FIG . 31a ) . resulting in the states being hybridized with each other . 
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Thus , similar to Ca ( Nb / Ta ) 20 . doping with Sc and Y of Since the current work relates to predicted use of prom 
pyrochlore niobates and tantalates rendered these com - ising systems for water electrolysis supports , it is germane 
pounds also metallic . to discuss the accuracy of the calculations . In regards to the 
As for the pyrochlore niobates doped with 3B ( B , Al , Ga , accuracy of the calculated cohesive energies within the 

In ) elements , there was an impurity zone that appeared 5 Density Functional theory utilized in the present study in 
within the forbidden energy gap of the pure oxide arising general , an error of less than 10 % is considered to be normal 
from the partially occupied s - states of the doping elements and depends on various parameters involved in the compu 
( FIG . 33 b ) . The band gap between these local states and the tational model , which might seem to be unacceptably large 
upper part of the conduction band varied depending on the for fulfilling the objectives for each system investigated in 
dopant . For B and Ga the gap was 1 . 1 and 0 . 33 eV , 10 the present study . However , the relative differences in cohe 
respectively , although for Al and In these valence s - bands sive energies calculated for the different compounds within 
overlapped with conduction Nb4d - zone eliminating the gap the same computational approach are expected to be accu 
completely ( see FIG . 33 c ) . However , pyrochlore tantalate rate , and sufficient for the qualitative comparison of the 
doped with Al and In remained semiconductor although with electrochemical stability between the materials considered . 
very small band gap of - 0 . 1 eV . Doping the structure with 15 This qualitative comparison is deemed sufficient to deter 
all group 3B elements rendered the tantalite semiconducting mine the usefulness of the system for exploring as supports 
as summarized in Table 5 ( a ) . for electrocatalysis and water electrolysis . 

The pyrochlore niobates and tantalates doped with 6A , 5B Calculated cohesive energies for the pure and all the 
elements as well as F demonstrated almost identical behav - doped oxide structures considered in the present study are 
ior in terms of electronic conductivity as corresponded 20 collected in Tables 2 ( a ) and 2 ( b ) and shown in FIG . 7 for 
doped CaNb , c and CaTa , 0g . The only exception was illustrative purposes . One can see that all the structurally 
As - doped Ca , Ta , 0 , demonstrated semiconductor behavior analogous tantalate compounds have higher absolute values 
with Ea 0 . 2 eV in contrast to all other oxides doped with of cohesive energy than their corresponding niobium ana 
6A elements showing metallic behavior . Also , both W - doped logs and thus , are more stable . It occurs due to the stronger 
Ca Nb , 0 , and Ca , Ta , 0 , were semiconductors in contrast to 25 Ta - interactions in comparison with the Nb - O bonds in 
W - doped CaNb206 when W5d - states overlapped with the ( Ta / Nb ) - 0 . octahedra . A comparison of the compounds 
Nb4d - states rendering metallic conductivity of the material . in terms of the cohesive energy values calculated per atom 

Thus , based on the results obtained on the electronic ( not per formula unit ) is conceivably incorrect particularly 
structure demonstrated due to introduction of the small due to the different amounts of atoms per formula unit ( 9 
amount of different elements from 3A , 3B , 5B , 6A , and 7B 30 atoms for Ca ( Nb / Ta ) , 0 , and 11 atoms for Ca , ( Nb / Ta ) , 0 , ) 
periodic groups it was concluded that the dopants improved in the case of the materials considered in this study . How 
the electronic conductivity of the calcium niobates and ever , it may help provide some qualitative explanations for 
tantalates , although to different extents . According to the the high mechanical and chemical stability of the materials 
energy values collected in Tables 5 ( a ) and 5 ( b ) it can be seen considered . Hence , we have resorted to comparing the 
that the presence of 3A - , 5B - , and 7B - dopants helped 35 chemical stability of the various pure and doped systems 
improve the electronic conductivity better than those con - using the cohesive energy calculated per atom . Based on the 
taining 3B and 6A - elements as dopants . The compounds calculated values of cohesive energy per atom shown in 
doped with Sc , Y , As , Sb , Bi , and F demonstrated a metal - Table 2 ( a ) and FIG . 7 , the structural stability of the materials 
type conductivity , while those doped with B , Al , Ga , In , Cr , increases as follows : Ca , Nb , 0 , ( - 6 . 65 eV / atom ) < CaNb , 
Mo , and W were characterized by the semiconductor type of 40 ( - 6 . 88 eV / atom ) < Ca , Ta , 0 , ( - 7 . 10 eV / atom ) < CaTa , 06 . 
conductivity ( except W - doped CaNb , and Al - and In ( - 7 . 42 eV / atom ) . Also , it can be clearly seen that basically 
doped Ca Nb , 07 , resulting most likely due to above men introduction of all dopants make these compounds less 
tioned band gap underestimation typical for DFT method stable , although to different extents . The only exception is 
ology ) . the doping of 3A group elements which renders all the four 

Structural and Chemical Stability 45 parent oxides even more stable . This directly relates with the 
Cohesive energy Ecoh can be considered as a measure of Sc and Y - O bonds which are stronger than the Ca - O 

an overall structural and chemical stability of the material . bonds in the corresponding parent compounds . All other 
A higher Ecoh would therefore imply that more energy is dopant elements decrease the structural and chemical sta 
required to break the primary chemical bonds of the com - bility , although all the doped compounds are more stable 
pound during chemical reaction or mechanical loading . The 50 than pure SnO , or Sno , doped with fluorine used as catalyst 
present study is dedicated to the identification of the most support material for water electrolysis ( calculated Ecoh for 
electrochemically stable materials that can likely withstand pure Sno , is - 5 . 08 eV / at and for Sno , doped with ~ 6 . 2 wt 
the water electrolysis conditions when exposed to acidic or % of F is - 4 . 74 eVlat [ 24 ] . 
other aggressive environments . Mechanical strength is thus Thus , based on the previous discussion it allows us to 
not one of the main requirements for identification of a 55 conclude that in terms of general stability , the orthorhombic 
promising catalyst support material . Hence , chemical sta - CaTa , 0 , with a cohesive energy of - 7 . 42 eV / atom can be 
bility in contrast to the ability of the material to sustain high marked as the most stable compound among the entire four 
mechanical loading will be the main quantity characterized parent oxides considered in the present study . However , 
by the cohesive energy in the present study . Since , Nb and CaTa , O , doped with Sc and Y render the oxide even more 
Ta are iso - electronic , we assume that all the four compounds 60 stable with Econ = - 7 . 43 and - 7 . 47 eV / at . respectively . It is 
will likely exhibit similar chemistries , but different chemical also noteworthy to mention that among all the calcium 
reactivity when exposed to acidic or other aggressive envi - tantalates considered in the study the least stable is 
ronments . The value of the cohesive energy Ecoh , thus could Ca Ta , 0 , doped by Cr with Econ = - 6 . 99 eV / at . However , it 
serve as a qualitative criterion for comparing and selecting demonstrates a higher stability in comparison to the most 
materials that would likely exhibit the most resistance to 65 stable niobate CaNb206 doped with Y indicating a Ecoh = 
decomposition when exposed to chemically reactive envi - 6 . 94 eV / at . Hence , it could be construed that the tantalate 
ronments of aggressive acids and bases . based compounds are more resistant to decomposition and 



30 

C ( $ ) 

US 10 , 435 , 803 B2 
29 

cleavage of the primary bonds when exposed to harsh However , this conclusion needs to be verified with further 
mechanical or chemical environments such as those likely experimental validations . Unfortunately , to the best of our 
experienced by these systems when used in highly corrosive current knowledge , there are no published experimental 
acidic environments such as those encountered in electro - reports on any measurements of electronic conductivity of 
chemical systems comprising water electrolysis and the 5 calcium niobates or tantalates doped with the dopants con 
oxygen reduction reactions ( ORR ) in proton exchange mem sidered in the present study . Experimental validation of the 
brane based fuel cells . calculated predictions reported in this work are currently 
As for the electronic conductivity , due to an increased planned to be conducted in our laboratory which will be 

charge carrier density in the presence of additional dopants reported in subsequent publications . 
all the four doped niobates and tantalates are expected to 10 
demonstrate better conductivity in comparison to the pure TABLE 4 
undoped parent oxides . Doping the oxides with 3B and 6A 
elements result in lowering the activated conductivity E , in Experimental and calculated structural parameters for the undoped 
comparison to undoped materials , although the compounds compounds . Calculated parameters are shown in parenthesis . 
remain semiconductors . Moreover , all four niobates and 15 
tantalates doped with 3A , 5B with the exception of As CaNb206 CaTa206 Ca Nb20 Ca Ta207 
doped Ca Ta 0 , ) and 7B elements demonstrate metallic from [ 29 ] from [ 30 ] from [ 31 ] from [ 31 ] 
type of conductivity with zero activation energy . Among 

14 . 926 11 . 068 10 . 444 10 . 463 them , as we mentioned above , CaTa O . doped with Sc and ( 15 . 069 ) ( 11 . 144 ) ( 10 . 315 ) ( 10 . 339 ) Y ( 3A group ) demonstrate the highest values of cohesive 20 5 . 752 7 . 505 energy , metallic conductivity , and excellent structural and ( 5 . 811 ) ( 7 . 557 ) chemical stability . Thus these systems could be considered 5 . 204 5 . 378 as the most appropriate candidates for the catalyst support in ( 5 . 246 ) ( 5 . 394 ) PEM based electrolysis . V . ( 83 ) 446 . 8 446 . 7 1139 . 2 1145 . 4 
For illustrative purposes the calculated DOS for Sc and 25 ( 459 . 4 ) ( 454 . 2 ) ( 1097 . 5 ) ( 1105 . 2 ) 

Y - doped CaTa 06 are shown in FIG . 8 . Also , Table 3 - 4 4 8 includes a list of weight percentages of Sc and Y used as 
dopants for all the four parent oxides considered in the Pben ; # 60 Pnma ; # 62 Fd - 3m # 227 Fd - 3m # 227 
present study . Ortho - Ortho - Pyrochlr Pyrochlr 

Conclusions 30 Space group rhombic rhombic cubic cubic 
An attempt to identify new electrochemically stable cata 

lyst supports for electrolysis of water using ab - initio Density Ca 0 . 042 0 . 5 

Functional Theory approach has been undertaken in the 0 . 2244 0 . 25 0 . 5 0 . 5 

present study . Calcium niobates Ca Nb207 , CaNb20 , and 0 . 75 0 . 540 
0 . 1653 0 . 1412 calcium tantalates Ca Ta207 , CaTa206 , have been chosen to 35 Nb 0 . 3166 - 0 . 0056 systematically investigate the influence of small amounts of 
0 . 2987 0 . 0376 dopants selected from group 3A , 3B , 5B , 6A and 7B of the 
0 . 0893 - 0 . 024 0 . 3214 0 . 3214 Periodic Table on the electronic conductivity and structural 0 . 0997 0 . 035 0 . 125 0 . 125 stability of the compounds . The study showed that small 
0 . 4040 0 . 225 0 . 125 0 . 125 amounts of 3A , 5B and 7B - group elements noticeably 40 0 . 1003 0 . 213 0 . 375 0 . 375 improve the conductivity than the elements from group 3B 0 . 4280 0 . 375 0 . 375 and group 6A of the Periodic Table . Also , a comparison of 0 . 0056 0 . 383 0 . 375 0 . 375 the cohesive energies calculated for the pure and doped 0 . 2576 0 . 146 

oxides displayed CaTa206 and Y doped CaTa20 to be the 0 . 1351 0 . 25 
most stable compound among all materials considered in the 45 0 . 1266 - 0 . 033 
study . 0 . 122 

The study thus allows us to hypothesize based on elec - 0 . 25 

tronic conductivity and cohesive energy considerations that 0 . 162 

the CaTa20 doped with Sc and Y is the most appropriate 
candidate for use as a catalyst support in water electrolysis . 

0 . 5 

0 . 5 0 . 5 

be ND ND ND NC ND N 
0 . 049 

TABLE 5 ( a ) 
Cohesive energy ( eV / f . un . and eV / atom ) , band gap ( BG ) , band gap values 

between electronic states located at Fermi level and the main conduction band 
and type of conductivity calculated for undoped oxides and doped with 

3A and 3B group elements . Experimental BG for pure oxides is taken from : 
[ 32 ] for CaNb 06 , [ 19 ] for Ca Nb , 07 and Ca Ta 07 [ 20 ] for CaTa 06 

Periodic group 3A 3B 

501 
CaNb 06 - Ecom ( f . un . ) 

( ev / at ) 
BG ( eV ) 
Conductivity 

Ca Nb20 , Econ ( f . un . ) 
( eV / at ) 

pure 
61 . 92 

6 . 88 
3 . 413 

3 . 87exp 
73 . 105 
6 . 65 

Sc Y B 
62 . 164 62 . 49 60 . 146 

6 . 91 6 . 94 6 . 68 
0 0 2 . 42 
met met semi 
73 . 34 73 . 49 72 . 36 
6 . 67 6 . 68 6 . 58 

AL Ga In 
61 . 01 60 . 65 60 . 68 

6 . 78 6 . 74 6 . 742 
0 . 44 1 . 1 0 . 44 
semi semi semi 
72 . 74 72 . 57 72 . 58 
6 . 616 . 60 6 . 60 






















