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2.1 Photocatalysis with TiO2 
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2.1.2 Photocatalytic process of TiO2 

2.1.2.1 Photo-generation of charge carriers in TiO2 
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2.1.2.2 Photochemical reactions 
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2.1.3 Barrier for massive application of photocatalysis with TiO2 
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2.1.4 Efforts to improve photocatalytic activity 
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2.2 Photocatalysis with ferroelectric materials 
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2.2.2 Photocatalytic activity of TiO2 with ferroelectric BaTiO3 
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2.3 TiO2/BiFeO3 as photocatalyst 
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2.3.1 Properties of BiFeO3 in photocatalysis 

! #1!<*=."%1!\7\7\5!U0I"YZ!/0-!>**1!(*2%1-.,0.*(!.%!/04*!-"91"+"=01.!"1+'&*1=*!

%1!./*!@/%.%=0.0'3."=!0=."4".3!%+!I"Y\7!T%$*4*,5!U0I"YZ!/0-!0!'0,9*!>01(!90@!%+!Z7M!

*^5OZ5OO!$/"=/!20)*-!".!%1'3!=0@0>'*!%+!0>-%,>"19!@/%.%1-!$"./"1!./*!d^!,019*7!B")*!

I"Y\5!./"-!"-!0!20X%,!/"1(,01=*!+%,!U0I"YZ!.%!>*!01!*++"="*1.!@/%.%=0.0'3-.!$"./!

4"-">'*!'"9/.7!#1!0(("."%1!.%!>*"19!+*,,%*'*=.,"=5!U"K*YZ!/0-!0!-20''*,!>01(!90@5!

,*@%,.*(!.%!>*!\7\!]!\7P!*^5ObVOP!./0.!*?.*1(-!".-!0>-%,@."%1!*(9*!"1.%!./*!4"-">'*!

,019*7!U*=0&-*!%+!./0.5!".!=01!&."'"R*!0!'0,9*,!@%,."%1!%+!./*!-%'0,!*1*,93!./01!U0I"YZ!

"1!0!@/%.%=0.0'3."=!@,%=*--7!

! T%$*4*,5!U"K*YZ!>3!".-*'+!"-!1%.!0!=%2@*.*1.!=0.0'3-.!"1!-@'".."19!$0.*,7!#.!

-&++*,-!+,%2!(*9,0(0."%1!>3!/3(,%9*1!(&,"19!./*!@/%.%=0.0'3."=!@,%=*--7ON!H'-%!./*!

=%1(&=."%1!>01(!*(9*!"-!'%$*,!./01!./*!/3(,%9*1!,*(&=."%1!'*4*'7Of5bM!

!

2.3.2 Mechanism of photocatalysis with TiO2/BiFeO3 
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2.3.2.3 Photochemical reactions on ferroelectric domains 
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2.3.3.1 Anisotropic photocatalytic activity of TiO2 
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2.3.3.2 Anisotropic photocatalytic activity of perovskites 
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2.3.3.3 Epitaxial relationships of TiO2 and BiFeO3 
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Chapter 3 Hypothesis 
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?*-+-.*'H#./&!<'C=.+#-B!-3!1)O!#B!/[='-=$!$-&=+#-BD!

! U0-*(!%1!./*!*1*,93!'*4*'!("09,02!%+!I"Y\WU"K*YZ!"1!0`&*%&-!-%'&."%15!

@,*("=.*(!$"./!)1%$'*(9*!+,%2!'".*,0.&,*5!*'*=.,%1-!0,*!*?@*=.*(!.%!>*/04*!0-!

(*-=,">*(!>3!./"-!/3@%./*-"-7!E?@*,"2*1.0'!4*,"+"=0."%1!%+!./*!@,*("=.*(!*1*,93!

>01(-!$%&'(!'03!./*!+%&1(0."%1!%+!+&,./*,!-.&(3!%+!./*!(*@*1(*1=*!%+!@/%.%=0.0'3."=!

0=."4".3!%1!./*!@/0-*!01(!%,"*1.0."%1!%+!I"Y\!+"'27!!

!
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/<'!&'$$!#H?-<+/B+D!

! A&,,*1.'35!$*!=%1-"(*,!./*!"1+'&*1=*!%+!+*,,%*'*=.,"=!@%'0,"R0."%1!0-!./*!

(%2"10."19!+0=.%,!%+!I"Y\WU"K*YZp-!@/%.%=0.0'3."=!0=."4".37!I/*!>01(!>*1("19!
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Chapter 4 Experimental work 
 
! #1!./"-!=/0@.*,5!./*!2*0-&,*2*1.!%+!@/%.%=0.0'3."=!0=."4".3!%+!./*!

I"Y\WU"K*YZ!/*.*,%-.,&=.&,*-!01(!,*'0.*(!-02@'*-!"-!(*-=,">*(7!U3!2*0-&,"19!01(!

=%2@0,"19!./*!-&,+0=*!.%@%9,0@/3!%+!0!-02@'*5!>*+%,*!01(!0+.*,!./*!@/%.%=/*2"=0'!

,*(&=."%1!%+!H95!&-"19!./*!0.%2"=!+%,=*!2"=,%-=%@3!LHKDQ!.*=/1"`&*5!./*!

@/%.%=0.0'3."=!0=."4".3!"-!`&01."+"*(!,*'0."4*!.%!./*!02%&1.!%+!,*0=."%1!@,%(&=.-!

L2*0-&,*(!>3!/*"9/.Q!01(!`&0'"+"*(!,*'0."4*!.%!./*!-@0."0'!'%=0."%17!;"*R%,*-@%1-*!

+%,=*!2"=,%-=%@3!L;KDQ!.*=/1"`&*!"-!&-*(!.%!"(*1."+3!./*!+*,,%*'*=.,"=!(%20"1!

-.,&=.&,*-!%+!0!>0,*!U"K*YZ!-02@'*!01(!0!I"Y\WU"K*YZ!-02@'*5!$/"=/!"-!=%2@0,*(!

$"./!./*!-@0."0'!@0..*,1!%+!./*!H9!,*0=."%1!@,%(&=.!.%!&1=%4*,!./*",!=%,,*'0."%1-7!I/*!

'%=0'!=,3-.0'!-.,&=.&,*!01(!%,"*1.0."%1!,*'0."%1-/"@-!%+!I"Y\!01(!U"K*YZ!0,*!

(*.*,2"1*(!&-"19!*'*=.,%1!>0=)-=0..*,!("++,0=."%1!LEU<6Q!(0.07!I/*!2*./%(%'%93!

&-*(!.%!(*.*,2"1*!./*!%,"*1.0."%1!,*'0."%1-/"@-!$"''!>*!*?@'0"1*(!"1!(*.0"'!"1!=/0@.*,!

P5!/04"19!>**1!(*4*'%@*(!"1!./"-!$%,)!$/"'*!EU<6!".-*'+!$"''!>*!(*-=,">*(!/*,*7!I/*!

(*.0"'-!%+!-02@'*!@,*@0,0."%15!./*!@/%.%=/*2"=0'!,*0=."%15!01(!./*!=/0,0=.*,"R0."%1!

.*=/1"`&*-!0,*!(*-=,">*(!"1!./*!+%''%$"19!-*=."%1-7!

4.1 Preparation of TiO2/BiFeO3 and related samples 

! I/*!-&>-.,0.*-!%+!U"K*YZ!01(!%./*,!,*'0.*(!20.*,"0'-!0,*!+0>,"=0.*(!0-!("-=V
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-02@'*-7!



!

! OM!

4.1.1 Synthesis of BiFeO3, BaTiO3, and TiO2 substrate and target pellets  
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'")*'3!.%!=%1.02"10.*!./*!@%$(*,-!"1!./*!@,%=*--7!H+.*,!>0''V2"''"19!+%,!\O!/5!./*!
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! Oe!
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=2!"1!("02*.*,!01(!e7O!]!Z!22!./"=)7!I/*!>"1(*,!$0-!&-*(!.%!04%"(!>,*0)09*!%+!./*!
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1*?.!-.09*!%+!/*0."19Q7!

I/*!@*''*.!$0-!/*0.*(!L0.!eM!cA!2"1VeQ!.%!gMMcA!+%,!e\!/!.%!>&,1!%++!./*!>"1(*,!
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@*''*.-!-/%&'(!>*!&-*+&'!"1!%&,!*?@*,"2*1.-7!
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I"Y\!@%$(*,!01(!./*!-02*!@%$(*,!2"?*(!$"./!K*\YZ!@%$(*,!"1!2%'0,!,0."%!fNse!

$*,*!=%2@,*--*(!.%!+%,2!.$%!'0,9*,!@*''*.-7!I/*!-"1.*,"19!@,%=*(&,*!$0-!./*!-02*!

0-!+%,!./*!I"Y\!-&>-.,0.*7!I/*!.$%!@*''*.-!$*,*!@%'"-/*(!&-"19!./*!0&.%@%'"-/*,7!

I0>'*!O7e!-&220,"R*-!./*!-31./*."=!-.*@-!%+!*0=/!-02@'*!2*1."%1*(!0>%4*7!

! U"K*YZ! U0I"YZ! I"Y\! K*VI"Y\!

A0'="10."%1! PMMcA!!Z/! V! V! V!

T01(!9,"1("19! C*-! V! V! V!

U0''V2"''"19! e\!]!\O/! V! V! V!

U&,1!%++! gMMcA!!e\/! fMMcA!!eM/! V! V!

<"1.*,"19! PNMcA!!e\/! e\ZMcA!!eM/! eOMMcA!!e\/! eZbMcA!!N/!

8,0"1!9,%$./! NbMcA!!Z/! eZgMcA!!Z/! V! V!

H11*0'"19!!
0+.*,!@%'"-/"19!

gMMcA!!Z/! e\MMcA!!g/! V! V!

4/%&'!JD@!<&220,3!%+!-31./*-"-!%+!@*''*.!-02@'*-!"1!./"-!$%,)7!

4.1.2 PLD of TiO2 film 
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eMVb!I%,,!$"./!./*!-&>-.,0.*!0.!e\M!cA7!H!+'%$!%+!%?39*1!$0-!"1.,%(&=*(!"1.%!./*!

=/02>*,!.%!20"1.0"1!./*!@,*--&,*!0.!b!2I%,,!(&,"19!./*!+%''%$"19!/*0."19!01(!

(*@%-"."%1!-.*@-7!I/*!-&>-.,0.*!$0-!/*0.*(!0.!0!,0.*!%+!\b!cA!2"1Ve!.%!,*0=/!0!

.*2@*,0.&,*!%+!bMM!]!PMM!cA7!I/"-!.*2@*,0.&,*!,019*!$0-!.*-.*(!.%!>*!-&".0>'*!+%,!

I"Y\!+"'2!=,3-.0''"R0."%17!!

6&,"19!./*!(*@%-"."%15!0!m,K!L}!n!\ON!12Q!'0-*,!$0-!@&'-*(!0.!Z!TR!$"./!01!

*1*,93!(*1-".3!%+!\!F!=2V\7!U*+%,*!./*!0=.&0'!(*@%-"."%15!./*!I"Y\!.0,9*.!$0-!='*01*(!

01(!=%1("."%1*(!>3!'0-*,!0>'0."%1!+%,!eM!2"1!LeNMM!@&'-*-!0.!Z!TRQ7!H!I"Y\!+"'2!"-!

(*@%-".*(!%1!./*!-&>-.,0.*!$"./!".-!./"=)1*--!(*.*,2"1*(!>3!./*!1&2>*,!%+!'0-*,!

@&'-*-7!I/*!(*@%-"."%1!,0.*!%+!I"Y\!$0-!q!M7MMgP!12!@*,!@&'-*5!$/"=/!$0-!@,*V

(*.*,2"1*(!>3!(*@%-"."19!0!I"Y\!+"'2!%1!0!B0H'YZ!-"19'*!=,3-.0'!&-"19!ZMMM!'0-*,!

@&'-*-!01(!2*0-&,"19!".-!./"=)1*--!&-"19!./*!SV,03!,*+'*=."4".3!.*=/1"`&*7eM5ee!H+.*,!

(*@%-"."%15!./*!=/02>*,!$0-!=%%'*(!0.!0!,0.*!%+!\b!cA!2"1Ve!.%!,*0=/!,%%2!

.*2@*,0.&,*!q!\b!cAQ!"1!0!-.09101.!%?39*1!0.2%-@/*,*!$"./!0!@,*--&,*!%+!b!I%,,7!

I0>'*!O7\!-&220,"R*-!./*!(*@%-".*(!+"'2-!"1!./"-!$%,)7!

!

!

!



!

! Og!

!

9#)=<'!JDJ!<=/*20."=!<=/*20."=!%+!;B6!-*.&@7!H!@&'-*(!'0-*,!0>'0.*-!./*!-&,+0=*!%+!0!
.0,9*.!L=%2@%-*(!%+!./*!+"'2!20.*,"0'Q!01(!0!@'&2*!%+!0>'0.*(!20.*,"0'!"-!(",*=.*(!
.%$0,(-!./*!-&,+0=*!%+!./*!-&>-.,0.*5!$/"=/!"-!/*0.*(!.%!0!=*,.0"1!.*2@*,0.&,*7!
H(0@.*(!+,%2!,*+7O!

!
^=%$+</+'! 9#&H! 4*#.EB'$$!XBHY!

U"K*YZ! I"Y\! eM!

U"K*YZ! I"Y\! \M!

U"K*YZ! I"Y\! NM!

<,I"YZ!LeMMQ! I"Y\! \M!

<,I"YZ!LeMMQ! K*V(%@*(!I"Y\! eM!

U0I"YZ! I"Y\! \M!

U"K*YZ! I"Y\! eMM!

4/%&'!JD6!;,*@0,*(!+"'2W-&>-.,0.*!-02@'*-7!

 

4.2 Photochemical reaction setup: reduction of Ag+ in solution 

I/*!@/%.%=/*2"=0'!,*(&=."%1!%+!H9_!+,%2!H9JYZ!-%'&."%1!(*@%-".-!H9!

@0,."='*-!0-!./*!@,%(&=.-!%1!./*!-&,+0=*-!%+!./*!-02@'*-7!I/*!H9!@0,."='*-!=01!>*!

(*.*=.*(!(&,"19!01!HKD!.%@%9,0@/"=!-=01!L(*-=,">*(!"1!-*=."%1!O7Z7eQ!01(!



!

! OP!

.%@%9,0@/"=!"1+%,20."%1!=01!>*!&-*(!0-!0!`&01.".0."4*!2*0-&,*2*1.!%+!./*!

@/%.%=0.0'3."=!0=."4".3!%+!./*!-02@'*-7!!

I/*!-*.&@!%+!./*!@/%.%=/*2"=0'!,*0=."%1!"-!(*@"=.*(!"1!K"97!O7b7!#1!0!.3@"=0'!

@,%=*(&,*5!0!M7eeb!D!H9JYZ!-%'&."%1!$0-!@,*@0,*(!>3!("--%'4"19!0@@,%@,"0.*!

02%&1.!%+!H9JYZ!=,3-.0''".*-!"1!bM!2B!%+!(*V"%1"R*(!$0.*,!"1!0!>*0)*,7!H!4".%1!!!!!!!!!

YV,"19!$0-!@'0=*(!%1!0!("-=V-/0@*(!@*''*.7!I/*!H9JYZ!-%'&."%1!$0-!0((*(!.%!+"''!./*!

-@0=*!>%&1(!>3!./*!YV,"19!01(!./*!-02@'*!-&,+0=*7!H!`&0,.R!-'"@!$0-!@'0=*(!%1!.%@!%+!

./*!YV,"19!.%!-*0'!./*!-@0=*!01(!$0-!/*'(!>3!./*!-&,+0=*!.*1-"%1!%+!./*!'"`&"(7!H!>'&*!

BE6!$"./!*2"--"%1!*1*,93!%+!\7bZ!]!\7PM!*^!LBdSEYJ5!;/"'"@-!B&2"'*(-5!<01!F%-*5!

AHQ!$0-!@'&99*(!.%!01!*?.*,10'!@%$*,!-%&,=*!01(!/*'(!"1!0!+"?*(!@%-"."%1!$"./!".-!

'*1-!+0="19!(%$1$0,(7!I/*!,*0=."%1!0--*2>'3!$0-!>,%&9/.!0-!='%-*!0-!@%--">'*!.%!

./*!'*1-!%+!./*!>'&*!BE67!I/*!BE6!$0-!-$".=/*(!%1!0.!PbM!2H!+%,!gM!-!%,!0.!eMM!2H!

+%,!\M!2"1!"1!("++*,*1.!*?@*,"2*1.-7!!

H+.*,!./*!BE6!$0-!-$".=/*(!%++5!./*!`&0,.R!-'"@!01(!./*!YV,"19!$*,*!,*2%4*(!

+,%2!./*!-02@'*7!I/*!-02@'*!$0-!,"1-*(!>3!-*`&*1."0'!"22*,-"%1!"1!.$%!>0./-!%+!

(*V"%1"R*(!$0.*,!.%!("'&.*!./*!,*2101.!-%'&."%1!0(/*,*(!%1!./*!-&,+0=*7!H+.*,!

,"1-"195!0!-.,*02!%+!='*01!1".,%9*1!$0-!(",*=.*(!0.!./*!-&,+0=*!.%!>'%$!(,3!./*!

,*20"1"19!'"`&"(7!I/*!,*0=.*(!-02@'*!-&,+0=*!$0-!,*0(3!.%!>*!*?02"1*(!>3!HKD7!#.!

$0-!=%1+",2*(!./0.!./*!,*0=."%1!@,%(&=.!$0-!2*.0''"=!H9!>3!-=011"19!./*!-&,+0=*!%+!

0!U"K*YZ!-02@'*!,*0=.*(!+%,!-*4*,0'!/%&,-!L.%!"1=,*0-*!./*!.%.0'!02%&1.!%+!,*0=."%1!

@,%(&=.Q!$"./!S:67!!
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! ON!

!

9#)=<'!JDS!<=/*20."=!%+!./*!,*0=."%1!-*.&@7!;0,.-!%+!./*!0--*2>'3!0,*!'0>*'*(!01(!
*?@'0"1*(!"1!-*=."%1!O7\7!I/*!>'&*!'"9/.!*2"..*(!+,%2!./*!BE6!9%*-!./,%&9/!./*!'*1-5!
./*!`&0,.R!-'"@5!01(!./*!H9JYZ!-%'&."%1!.%!,*0=/!./*!-02@'*7!

!

4.3 Methods of characterization  

4.3.1 Measurement of photocatalytic activity with AFM 

! D*0-&,*2*1.!%+!@/%.%=0.0'3."=!0=."4".3!&-"19!HKD!"1!./*!@,*-*1.!$%,)!"-!

@,*-*1.*(!"1!./"-!-*=."%17!I/*!@/%.%=0.0'3."=!0=."4".3!%+!0!'%=0'!9,0"1!%1!./*!-&,+0=*!%+!

0!@*''*.!"-!2*0-&,*(!+%,!./*!02%&1.!%+!,*(&=*(!H9!@0,."='*-7!G/*1!H9!@0,."='*-!0,*!

(*@%-".*(!%1!./*!-&,+0=*5!./*!.%@%9,0@/3!%+!./*!-&,+0=*!"-!=/019*(7!H-!./*!-&,+0=*!

,*9"%1!$"./!,*(&=*(!H9!@0,."='*-!"-!k/*"9/.*1*(l!>3!./%-*!@0,."='*-5!>,"9/.!=%1.,0-.!

"1!./*!HKD!.%@%9,0@/"=!"209*!0@@*0,-!"1!./0.!,*9"%1!0+.*,!,*0=."%1!0-!=%2@0,*(!.%!

./*!"209*!%+!./*!='*01!-&,+0=*!>*+%,*!,*0=."%17!!

H1!*?02@'*!+,%2!@,*4"%&-!$%,)P!"-!9"4*1!"1!K"97!O7g7!I/*!"209*!"1!K"97!O7gL0Q!

-/%$-!./*!='*01!-&,+0=*!%+!0!LeeMQV%,"*1.*(!,&."'*!I"Y\!9,0"17!I/*!"209*!"1!K"97!



!

! Of!

O7gL>Q!-/%$-!./*!-&,+0=*!%+!./*!-02*!9,0"1!L0-!=01!>*!'%=0.*(!>3!.,0="19!./*!9,0"1!

>%&1(0,3!"1!./*!'%$*,!'*+.!=%,1*,Q!0+.*,!=%1(&=."19!./*!H9!,*(&=."%1!,*0=."%1!+%,!!!

eb!-!&-"19!d^!'"9/.7P!K,%2!./*!=%2@0,"-%1!%+!./*-*!.$%!"209*-5!".!"-!%>4"%&-!./0.!

-.,"@*-!%+!>,"9/.!=%1.,0-.-!"1!0!1*0,!4*,."=0'!(",*=."%1!0@@*0,!0+.*,!./*!

@/%.%=/*2"=0'!,*0=."%17!I/%-*!>,"9/.!=%1.,0-.-!0,*!0..,">&.*(!.%!./*!,*(&=*(!H9!

@0,."='*-5!("-.,">&.*(!"1!0!-@0."0''3!("-."1=."4*!@0..*,17!#1!2*0-&,"19!./*!02%&1.!%+!

./*!H9!@0,."='*-5!./*!/*"9/.!@,%+"'*-!%+!0!-02*!'%=0."%15!"1("=0.*(!>3!./*!>'&*!01(!./*!

,*(!'"1*-!"1!K"97!O7gL05>Q5!0,*!*?.,0=.*(!+,%2!./*!HKD!(0.0!01(!@,*-*1.*(!"1!./*!@'%.!

"1!K"97!O7gL=Q7!#1!./*!@'%.5!./*!,*(!L>'&*Q!'"1*!,*@,*-*1.-!./*!0+.*,!L>*+%,*Q!,*0=."%1!

/*"9/.!@,%+"'*7!I/*3!0,*!0'"91*(!>3!'%=0."19!./*!40''*3!%+!./*!9,0"1!>%&1(0,3!%1!./*!

'*+.7!I/*!-@")*(!+*0.&,*-!"1!./*!,*(!'"1*!=%,,*-@%1(!.%!./*!>,"9/.!=%1.,0-.-!"1!L>Q5!

$/"=/!0,*!./*!"1("=0."%1!%+!H9!@0,."='*-7!U3!-&>.,0=."19!./*!>'&*!@,%+"'*!+,%2!./*!,*(!

@,%+"'*5!./*!0=.&0'!/*"9/.-5!%,!./"=)1*--*-5!%+!./*!,*(&=*(!H9!@0,."='*-!0,*!%>.0"1*(7!

#1!./"-!*?02@'*5!./*!/*"9/.-!%+!./*!H9!@0,."='*-!0,*!20"1'3!"1!./*!,019*!%+!Pb!.%!e\b!

127!I/"-!,019*!40'&*!"-!=%1-"(*,*(!0-!0!`&01.".0."4*!2*0-&,*2*1.!%+!./*!

@/%.%=0.0'3."=!0=."4".3!%+!./0.!9,0"17!!



!

! bM!

!

9#)=<'!JDF!HKD!.%@%9,0@/"=!"209*-!%+!./*!-02*!'%=0."%1!%1!./*!-&,+0=*!%+!0!eb!12!
./"=)!LeeMQV%,"*1.*(!,&."'*!I"Y\!-&,+0=*!-&@@%,.*(!>3!LeeMQ!%,"*1.*(!U0I"YZ!>*+%,*!
L0Q!01(!0+.*,!L>Q!0!@/%.%=/*2"=0'!,*0=."%1!"1!0`&*%&-!H9JYZ!-%'&."%17!I/*!>'0=)V.%V
$/".*!=%1.,0-.!"-!NM!12!"1!L0Q!01(!fM!12!"1!L>Q7!;01*'!L=Q!-/%$-!./*!/*"9/.-!%+!
+*0.&,*-!0'%19!./*!>'&*!'"1*!"1!L0Q!01(!./*!,*(!'"1*!"1!L>Q7!H(0@.*(!+,%2!,*+7P!

!

#1!=/0@.*,!b5!./*!2*0-&,*(!/*"9/.-!%+!,*(&=*(!H9!@0,."='*-!%1!I"Y\!+"'2!%+!

("++*,*1.!./"=)1*--*-!0,*!=%2@0,*(!.%!,*4*0'!./*!"1+'&*1=*!%+!+"'2!./"=)1*--!%1!

@/%.%=0.0'3."=!0=."4".37!#1!=/0@.*,!N5!./*!/*"9/.-!%+!H9!@0,."='*-!%1!("++*,*1.'3!

%,"*1.*(!9,0"1-!"1!./*!U"K*YZ!-&>-.,0.*!01(!"1!./*!I"Y\!+"'2!0,*!=%2@0,*(!.%!-.&(3!



!

! be!

./*!01"-%.,%@3!"1!@/%.%=0.0'3."=!0=."4".37!I/*!=%1=*@.!%+!2*0-&,*2*1.!01(!

=%2@0,"-%1!%+!@/%.%=0.0'3."=!0=."4".3!"-!@,*-*1.*(!"1!K"97!O7P7!!

!

9#)=<'!JDI!^"-&0'"R*(!=%1=*@.!%+!2*0-&,*2*1.!01(!=%2@0,"-%1!%+!@/%.%=0.0'3."=!
0=."4".3!"1!./"-!$%,)7!I/*!/*"9/.!@,%+"'*!0+.*,!,*0=."%1!-&>.,0=.-!./*!%1*!>*+%,*!
,*0=."%1!,*1(*,-!./*!/*"9/.!@,%+"'*!%+!,*(&=*(!H9!@0,."='*-7!A%2@0,"-%1!%+!./*!/*"9/.!
,019*-!Re!01(!R\!+,%2!.$%!-02@'*-!-/%$-!$/"=/!-02@'*!"-!2%,*!@/%.%=0.0'3."=0''3!
0=."4*7!

!
HKD!.%@%9,0@/"=!"209*-!$*,*!.0)*1!"1!./*!-*2"V=%1.0=.!2%(*!&-"19!*"./*,!0!

JI*9,0!LJIVD6I5!<01.0!A'0,05!AHQ!2"=,%-=%@*5!0!<%'4*,!JESI!LJIVD6I5!<01.0!

A'0,05!AHQ!2"=,%-=%@*5!%,!0!6"2*1-"%1!ZeMM!L^**=%5!;'0"14"*$5!JCQ!2"=,%-=%@*7!I/*!

@,%>*!%-="''0.*-!0.!0!,*-%101=*!+,*`&*1=3!01(!"1.*,2"..*1.'3!20)*-!>,"*+!=%1.0=.!

$"./!./*!-&,+0=*!"1!./"-!2%(*7!H-!./*!."@!%+!./*!@,%>*!9*.-!='%-*,!.%!./*!-&,+0=*5!".-!

%-="''0."%1!02@'".&(*!(*=,*0-*-7!I/*!2"=,%-=%@*!0(X&-.-!./*!/*"9/.!%+!./*!@,%>*!.%!

20"1.0"1!0!=%1-.01.!%-="''0.%,3!02@'".&(*!01(!./*!=/019*!%+!/*"9/.!"-!=%1."1&%&-'3!

,*=%,(*(!.%!,*+'*=.!./*!-&,+0=*!.%@%9,0@/37!H+.*,!-=011"195!./*!,0$!"209*-!0,*!



!

! b\!

@,%=*--*(5!20"1'3!+'0..*1*(!.%!=%2@*1-0.*!+%,!./*!-'%@*!+,%2!-02@'*!2%&1."195!+%,!

>*..*,!@,*-*1.0."%17!

!

4.3.2 Imaging ferroelectric domain structures with PFM 

! I/*!@/%.%=/*2"=0'!,*0=."%1!-".*-!0,*!./%&9/.!.%!>*!(",*=.'3!=%,,*'0.*(!.%!./*!

+*,,%*'*=.,"=!(%20"1!-.,&=.&,*!%+!./*!U"K*YZ!-&>-.,0.*7!U3!=%2@0,"-%1!%+!./*!@0..*,1!

%+!,*(&=*(!H9!@0,."='*-!.%!./*!(%20"1!-.,&=.&,*5!-&=/!0!=%,,*'0."%1!=01!>*!

*-.0>'"-/*(7!!

;"*R%,*-@%1-*!+%,=*!2"=,%-=%@3!"-!0!-=011"19!@,%>*!.*=/1"`&*!=0@0>'*!%+!

"209"19!+*,,%*'*=.,"=!(%20"1!-.,&=.&,*-7!H1!%-="''0.%,3!4%'.09*!"-!0@@'"*(!.%!./*!."@!

%+!./*!@,%>*5!$/"=/!"-!"1!=%1.0=.!$"./!./*!-02@'*!0-!".!-=01-7!I/*!*'*=.,"=!+"*'(!

"1(&=*-!0!'%=0'!(*+%,20."%1!"1!./*!+*,,%*'*=.,"=!-02@'*5!$/"=/!2*=/01"=0''3!

%-="''0.*-!./*!."@!4*,."=0''3!01(!'0.*,0''37!A%,,*-@%1("19'35!./*!4*,."=0'!;KD!L^;KDQ!

-*1-*-!./*!%&.V%+V@'01*!LY;Q!,*-@%1-*-!01(!./*!'0.*,0'!;KD!LB;KDQ!-*1-*-!./*!"1V

@'01*!L#;Q!,*-@%1-*-!%+!./*!+*,,%*'*=.,"=!-02@'*7!!

I/*!"209"19!2*=/01"-2-e\VeO!%+!^;KD!01(!B;KD!0,*!"''&-.,0.*(!"1!K"97!O7N7!H1!

%-="''0.%,3!*'*=.,"=!+"*'(!A!>*.$**1!./*!HKD!."@!01(!./*!*'*=.,%(*!0.!./*!>%..%2!%+!

./*!+*,,%*'*=.,"=!-02@'*!"-!=,*0.*(!>3!0@@'3"19!01!%-="''0.%,3!>"0-!.%!./*!HKD!."@7!

I/*!'%=0'!*'*=.,%2*=/01"=0'!,*-@%1-*!"-!,*=%,(*(!0-!./*!@,%>*!-=01-!%4*,!./*!

-02@'*!-&,+0=*7!K%,!0!(%20"1!$"./!@%'0,"R0."%1!4*=.%,!-!@%"1."19!&@!01(!'*+.5!0!

@%-"."4*!>"0-!=0&-*-!0!=%1.,0=."%1!"1!./*!R!(",*=."%1!%+!./*!=,3-.0'!01(!0!=%&1.*,V

='%=)$"-*!.%,`&*!%+!./*!."@7!I/*!%-="''0."%1!%+!./*!."@!"-!01."@/0-*!LeNMcQ!$"./!./*!

0@@'"*(!+"*'(7!A%14*,-*'35!+%,!0!(%20"1!$"./!@%'0,"R0."%1!4*=.%,!@%"1."19!(%$1!01(!



!

! bZ!

,"9/.5!0!@%-"."4*!>"0-!=0&-*-!01!*?@01-"%1!"1!./*!R!(",*=."%1!01(!0!='%=)$"-*!.%,`&*7!

I/*!%-="''0."%1!%+!./*!."@!"-!"1!@/0-*!LMcQ!$"./!./*!0@@'"*(!+"*'(7!I/*!0@@'"*(!>"0-!

4%'.09*!=01!>*!*?@,*--*(!0-s!

! ! ! ! ! ! E`1!LeQ5!

$/*,*!!! R"3<!n!>"0-!4%'.09*!%1!./*!."@5!

! ! R1*!n!6A!>"0-!4%'.09*5!

! ! R5*!n!HA!>"0-!4%'.09*5!01(!

! ! [!n!+,*`&*1=3!%+!%-="''0."%1!+%,!HA!>"0-7!

I/*!,*-@%1-*!=01!>*!*?@,*--*(!0-s!

! ! ! ! ! ! ! E`1!L\Q5!

$/*,*!!! 5!n!.%.0'!-&,+0=*!("-@'0=*2*1.5!

! ! 5P!n!-.0."=!-&,+0=*!("-@'0=*2*1.5!

! ! 5[!n!%-="''0.%,3!-&,+0=*!("-@'0=*2*1.5!

! ! [!n!+,*`&*1=3!%+!%-="''0.%,3!("-@'0=*2*1.5!01(!

! ! \#n!@/0-*!'09!>*.$**1!./*!0@@'"*(!>"0-!01(!./*!-&,+0=*!("-@'0=*2*1.7!

J%.*!./0.!(&*!.%!./*!("--"2"'0,!10.&,*!%+!4*,."=0'!01(!'0.*,0'!;KD!,*-@%1-*-5!

./*!-&,+0=*!("-@'0=*2*1.-!HM!01(!H�!0,*!("++*,*1.!+%,!^;KD!01(!B;KD7eb!!



!

! bO!

!

9#)=<'!JDR!H!-=/*20."=!%+!./*!%&.V%+V@'01*!01(!"1V@'01*!@"*R%*'*=.,"=!,*-@%1-*!+,%2!
.$%!(%20"1-!$"./!./*!@%'0,"R0."%1!4*=.%,!@%"1."19!0-!-/%$17!I/*!>'0=)!=&,4*!
,*@,*-*1.-!./*!0=!>"0-!0@@'"*(!.%!./*!."@5!01(!./*!=%'%,*(!=&,4*-!-.01(!+%,!./*!%&.V%+V
@'01*!L>'&*Q!01(!"1V@'01*!L,*(Q!@"*R%,*-@%1-*-7eZ!
!

! #1!./*!"(*0'!=0-*5!0!^;KD!@/0-*!"209*!/0-!.$%!=%1.,0-.!'*4*'-7!I/*!=%1.,0-.!

'*4*'!0.!Mc!"1("=0.*-!0!'%=0'!@%'0,"R0."%1!@%"1."19!"1.%!./*!-&,+0=*!@'01*7!I/*!%./*,!
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Chapter 5 Visible-light photocatalytic activity of 
TiO2/BiFeO3 
!

5.1 Introduction 
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5.2 Results 

! I/*!/*.*,%-.,&=.&,*-!=%1-"(*,*(!/*,*!=%1-"-.!%+!*"./*,!,&."'*WU"K*YZ!%,!
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*40'&0."19!./*!@/%.%=/*2"=0'!0=."4".3!%+!*0=/!%+!./*!./,**!@/0-*-!>3!./*2-*'4*-7!

;'*0-*!1%.*!./0.!./*!@/%.%=/*2"=0'!,*(&=."%1!%+!-"'4*,!+,%2!01!0`&*%&-!H9JYZ!
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! ge!

%@*,0.*(!0.!PbM!2H!01(!O!^7!I/*!HKD!"209*-!"1!K"97!b7e!-/%$!./*!-&,+0=*!%+!U"K*YZ!

L05>Q5!,&."'*!L=5(Q5!01(!010.0-*!L*5+Q7!I/*!U"K*YZ!01(!,&."'*!0,*!>&')!=*,02"=!20.*,"0'-7!

I/*!010.0-*!-02@'*5!%1!./*!%./*,!/01(5!"-!0!\M!12!+"'2!(*@%-".*(!%1!<,I"YZ!LeMMQ!

&1(*,!=%1("."%1-!./0.!@,%(&=*!010.0-*!LMMeQ7\5Z!I/*!.%@%9,0@/"=!=%1.,0-.!"1!./*!

HKD!"209*-!0,"-*-!+,%2!0!40,"*.3!%+!-%&,=*-!"1='&("19!-&,+0=*!-.*@-!L<Q5!,*-"(&0'!

@%'"-/"19!-=,0.=/*-!L;<Q5!>%&1(0,"*-!>*.$**1!+*,,%*'*=.,"=!(%20"1-!L6UQ5!-&,+0=*!

=%1.02"10."%1!L<AQ5!01(!"1='&-"%1-!%+!2"1%,".3!@/0-*-!LD;Q5!$/"=/!0,*!'0>*'*(!%1!
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H+.*,!./*!@/%.%=/*2"=0'!,*0=."%15!./*!-&,+0=*-!%+!=*,.0"1!,*9"%1-!"1!U"K*YZ!0,*!

=%0.*(!$"./!,*(&=*(!-"'4*,!L$/".*!=%1.,0-.Q7!I/*!/*"9/.-!%+!./*-*!+*0.&,*-!40,3!

>*.$**1!\M!01(!eZM!127!I/"-!"-!./*!-02*!,*0=."%1!./0.!/0-!>**1!%>-*,4*(!

@,*4"%&-'3!%1!I"Y\5O5b!U0I"YZ5g5P!01(!;wIN5f!$/*1!"''&2"10.*(!>3!d^!'"9/.7!T*,*5!./*!

,*0=."%1!"-!"1"."0.*(!>3!4"-">'*!'"9/.7!Y1!./*!I"Y\!-&,+0=*-5!%1'3!-20''!=/019*-!"1!

=%1.,0-.!0,*!+%&1(5!=%,,*-@%1("19!*"./*,!.%!0!-20''!02%&1.!%+!-"'4*,!%,!-&,+0=*!

=%1.02"10."%1!+,%2!"22*,-"%1!"1!./*!-"'4*,!1".,0.*!-%'&."%17!U0-*(!%1!./*-*!"209*-5!

".!=01!>*!=%1='&(*(!./0.!./*!U"K*YZ!-&,+0=*!,*(&=*(!+0,!2%,*!-"'4*,!%1!./*!0=."4*!

(%20"1-!./01!*"./*,!%+!./*!I"Y\!-&,+0=*-7!
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9#)=<'!SD@!HKD!.%@%9,0@/"=!"209*-!%+!-&,+0=*-!%+!L0Q!>0,*!U"K*YZ!>*+%,*!,*0=."%15!
L>Q!U"K*YZ!0+.*,!,*0=."%15!L=Q!>0,*!,&."'*!I"Y\!>*+%,*!,*0=."%15!L(Q!,&."'*!I"Y\!0+.*,!
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"209*-!"-!eMM!12!+,%2!>,"9/.!.%!(0,)7!

!
! I/*!"209*-!"1!K"97!b7\!-/%$!./*!=%,,*'0."%1!>*.$**1!./*!@"*R%,*-@%1-*!%+!./*!

-&>-.,0.*!L0Q!01(!/*.*,%-.,&=.&,*!L>Q!01(!./*!@/%.%=/*2"=0'!,*0=."4".3!%+!./*!I"Y\!
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! gZ!

+"'2!-&,+0=*!L=5!(Q7!I/*!=%1.,0-.!"1!./*!^;KD!@/0-*!"209*!%+!./*!U"K*YZ!-&,+0=*!

,*4*0'-!./*!(%20"1!-.,&=.&,*!%+!./*!-&>-.,0.*7!H+.*,!(*@%-"."19!0!eM!12!I"Y\!+"'25!

./*!@"*R%,*-@%1-*!%+!./*!/*.*,%-.,&=.&,*!"-!./*!-02*7!I/*,*+%,*5!./*!("-@'0=*2*1.-!

"1!./*!-&>-.,0.*!./0.!=,*0.*!./*!^;KD!-"910'!0,*!1%.!-"91"+"=01.'3!0++*=.*(!>3!./*!eM!

12!I"Y\!+"'27!LI/"-!"-!+&,./*,!*'0>%,0.*(!%1!"1!A/0@.*,!g5!$/*,*!".!0@@*0,-!./0.!./*!

I"Y\5!%1!04*,09*5!(%*-!"1+'&*1=*!./*!^;KD!"209*-7!U&.!".!/0-!.%!>*!1%.*(!./0.!./*!

^;KD!@/0-*!"209*-!L05!>Q!$*,*!.0)*1!0.!0!+,*`&*1=3!("++*,*1.!+,%2!./*!+,*`&*1=3!

&-*(!"1!A/0@.*,!g5!01(!./&-!0,*!1%.!=%2@0,*(!.%!./*!"209*-!"1!./0.!=/0@.*,7Q!I/*!

"209*!"1!K"97!b7\!L=Q!-/%$-!./*!.%@%9,0@/3!%+!./*!+"'2!-&,+0=*7!J%.*!./0.!-%2*!%+!./*!

=%2@%1*1.-!%+!./*!+"'2!.%@%9,0@/3!=%,,*'0.*!*?0=.'3!$"./!./*!(%20"1!-.,&=.&,*!

,*4*0'*(!>3!./*!^;KD!"209*-7!H+.*,!./*!-02@'*!"-!"''&2"10.*(!>3!>'&*!'"9/.!"1!./*!

-"'4*,!1".,0.*!-%'&."%15!1*$!=%1.,0-.!0@@*0,-!%1!./*!-&,+0=*5!=%,,*-@%1("19!.%!

,*(&=*(!-"'4*,!L-**!K"97!b7\!L(QQ7!<"2"'0,!.%!./*!,*0=."%1!%1!./*!>0,*!-&>-.,0.*!LK"97!

b7e!L>QQ5!./*,*!"-!2%,*!-"'4*,!,*(&=*(!%1!-%2*!(%20"1-!./01!%./*,-7!H!.3@"=0'!/*"9/.!

("++*,*1."0'!+%,!./*!-"'4*,5!>*.$**1!,*9"%1-!%+!("++*,*1.!0=."4".35!"-!eMM!127###1!./"-!

=0-*5!./*!(%20"1-!./0.!0,*!(0,)!"1!./*!^;KD!"209*-!,*(&=*!2%,*!-"'4*,!./01!./*!

(%20"1-!%+!'"9/.!=%1.,0-.!"1!^;KD7!
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! gO!
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9#)=<'!SD6!L0Q!^;KD!@/0-*!"209*!%+!>0,*!U"K*YZ!-&,+0=*7!L>Q!^;KD!@/0-*!"209*!%+!
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>,"9/.!.%!(0,)7!

!
! U*=0&-*!./*!-&>-.,0.*!01(!./*!./"1!I"Y\!+"'2!0,*!>%./!0>'*!.%!,*(&=*!H9!$"./!

4"-">'*!'"9/.5!>&.!I"Y\!>3!".-*'+!=01!1%.5!".!"-!,*0-%10>'*!.%!@%-".!./0.5!0-!./*!+"'2!

"1=,*0-*-!"1!./"=)1*--5!./*!+"'2!$"''!>*=%2*!'*--!,*0=."4*!0-!./*!"1+'&*1=*!%+!./*!

-&>-.,0.*!(*=,*0-*-7!I%!.*-.!./"-!"(*05!./*!*?@*,"2*1.!$0-!,*@*0.*(!&-"19!I"Y\!+"'2-!

./0.!$*,*!\M!12!01(!NM!12!./"=)!01(!./*!,*-&'.-!0,*!=%2@0,*(!"1!K"97!b7Z7!K%,!*0=/!

=0-*5!01!HKD!.%@%9,0@/"=!"209*!%+!0!-&,+0=*!,*9"%1!>*+%,*!,*0=."%15!0!.%@%9,0@/"=!

"209*!%+!./*!-02*!,*9"%1!0+.*,!,*0=."%15!01(!0!/*"9/.!@,%+"'*!0,*!9"4*1!"1!*0=/!,%$!"1!

./*!+"9&,*7!I/*!=/019*!"1!=%1.,0-.!0+.*,!,*0=."%1!=%,,*-@%1(-!.%!,*(&=*(!-"'4*,!
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@0,."='*-7!Y1*!'"1*!"1!>'&*!"-!(,0$1!%1!./*!"209*!,*=%,(*(!>*+%,*!./*!,*0=."%1!01(!0!

-*=%1(!"1!,*(!"-!(,0$1!%1!./*!-02*!'%=0."%1!0+.*,!./*!,*0=."%17!I/*!.%@%9,0@/3!

0'%19!./*-*!.$%!'"1*-!"-!=%2@0,*(!"1!./*!./",(!=%'&21!L0Z5!>Z5!=ZQ!%+!./*!+"9&,*7!K%,!

./*!eM!12!01(!\M!12!./"=)!+"'2-5!./*!20?"2&2!/*"9/.-!%+!./*!(*@%-".*(!-"'4*,!0,*!"1!

./*!,019*!%+!gM!.%!eMM!127!U&.!+%,!./*!NM!12!./"=)!I"Y\!+"'25!./*!/*"9/.-!%+!./*!

(*@%-".*(!-"'4*,!(%!1%.!*?=**(!\M!127!H'./%&9/!2&=/!$*0)*,!./01!./%-*!%+!./*!eM!

12!01(!\M!12!+"'2-5!./*!,*0=."4".3!%+!./*!NM!12!+"'2!"-!-."''!-.,%19*,!./01!./%-*!%+!

./*!,&."'*!01(!010.0-*!I"Y\5!-/%$1!"1!K"97!b7eL(Q!01(!b7eL+Q5!,*-@*=."4*'37!K%,!

=%2@0,"-%15!./*!20?"2&2!/*"9/.!%+!-"'4*,!(*@%-".*(!%1!./*!>0,*!U"K*YZ!-&,+0=*!
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,*(&=*(!>3!./*!I"Y\!+"'2!(*=,*0-*-!$"./!+"'2!./"=)1*--7!

!
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! gg!
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9#)=<'!SD:!HKD!I%@%9,0@/"=!"209*-!01(!/*"9/.!@,%+"'*-!%+!I"Y\WU"K*YZ!$"./!I"Y\!
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0>-%,>!4"-">'*!'"9/.5!.%!*?@'%,*!./*!*++*=.-!%+!K*V(%@"19!01(!`&0'"+3!"+!".!*?@'0"1-!./*!

4"-">'*!'"9/.!0=."4".3!%>-*,4*(!"1!./*!I"Y\WU"K*YZ!/*.*,%-.,&=.&,*-7!I/*!HKD!"209*-!
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! gP!
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!
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!
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! gN!
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!
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!

5.3 Discussion 

! I/*!,*-&'.-!@,*-*1.*(!/*,*!"1("=0.*!./0.!./*!@/%.%=/*2"=0'!,*(&=."%1!%+!
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'"9/.!0.!(*+*=.!-.0.*-!L-&=/!0-!%?39*1!40=01="*-5!$/"=/!/04*!-.0.*-!>*'%$!./*!
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Chapter 6 Correlation between Polarization and 
Photochemical Activity of BiFeO3 and TiO2/BiFeO3 
!

6.1 Introduction 
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6.3 Results and Discussion 

6.3.1 VPFM Approach 
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6.3.1.1 VPFM Phase Angle 
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("++*,*1.!(",*=."%1-!+,%2!./*!1*&.,0'!-&,+0=*7!<"2"'0,!-/"+.-!"1!,*-%101=*!+,*`&*1=3!

/04*!>**1!%>-*,4*(!+%,!U0I"YZ!101%$",*-N!01(!;wI7f!;,"%,!$%,)-!0'-%!-&99*-.!./0.!
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6.3.1.3 VPFM Summary#
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6.3.2 Boundary Pattern Approach 
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 Chapter 7 Orientation relationships of TiO2 and BiFeO3 

 

7.1 Introduction 
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Chapter 8 Influence of Phase and Orientation on 
Photocatalytic Activity of TiO2/BiFeO3 Heterostructure 
 

8.1 Introduction 
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8.2 Experimental 
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