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V i s u a l i z a t i o n  o f  T i O 2  r e d u c t i o n  b e h a v i o r  1  

i n  m o l t e n  s a l t  e l e c t r o l y s i s  2  

 3  

S h u n g o  N a t s u i 1 , 2 * ,  T a k u y a  S u d o 1 ,  R y o t a  S h i b u y a 1 ,  4  

H i r o s h i  N o g a m i 2 ,  T a t s u y a  K i k u c h i 1 ,  a n d  R y o s u k e  O .  5  

S u z u k i 1  6  

 7  

1  D i v i s i o n  o f  M a t e r i a l s  S c i e n c e  a n d  E n g i n e e r i n g ,  F a c u l t y  o f  8  

E n g i n e e r i n g ,  H o k k a i d o  U n i v e r s i t y,  K i t a  1 3  N i s h i  8 ,  K i t a – k u ,  9  

S a p p o r o ,  0 6 0 – 8 6 2 8  J a p a n .  1 0  

2  I n s t i t u t e  o f  M u l t i d i s c i p l i n a r y  R e s e a r c h  f o r  A d v a n c e d  M a t e r i a l s ,  1 1  

To h o k u  U n i v e r s i t y,  2 - 1 - 1  K a t a h i r a ,  A o b a - k u ,  S e n d a i  9 8 0 - 8 5 7 7 ,  1 2  

J a p a n .  1 3  

 1 4  

( P r e s e n t  a f f i l i a t i o n  o f  f i r s t  a u t h o r  i s  2 To h o k u  U n i v e r s i t y )  1 5  

 1 6  

*  C o r r e s p o n d i n g  a u t h o r .  1 7  

E - m a i l :  n a t s u i @ t o h o k u . a c . j p  1 8  

T e l . :  + 8 1 – 2 2 – 2 1 7 – 5 1 5 7  1 9  

 2 0  

  2 1  
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A b s t r a c t :  2 2  

A n  i n - s i t u  o b s e r v a t i o n  t e c h n i q u e  o f  t h e  T i O 2  i n t e r f a c i a l  b e h a v i o r  2 3  

i n  m o l t e n  L i C l - K C l  e l e c t r o l y s i s  w a s  d e v e l o p e d .  T h e  v a r i a t i o n  o f  2 4  

t h e  t h i n  T i O 2  e l e c t r o d e  s u r f a c e  w e r e  t r a c k e d  t h r o u g h  t h e  h i g h -2 5  

s p e e d  d i g i t a l  m i c r o s c o p y  s y n c h r o n i z e d  w i t h  t h e  e l e c t r o c h e m i c a l  2 6  

m e a s u r e m e n t .  T w o  c h a r a c t e r i s t i c  i n t e r f a c i a l  b e h a v i o r s  w e r e  2 7  

d i s c o v e r e d :  p h y s i c a l  b r e a k a g e  o f  t h e  t i t a n i u m  o x i d e  a n d  L i ( l )  2 8  

s p r e a d i n g  o n  e l e c t r o d e  s u r f a c e .  T h e s e  e l e c t r o c h e m i c a l l y  i n d u c e d  2 9  

i n t e r f a c i a l  b e h a v i o r s  a f f e c t  t h e  c u r r e n t - t i m e  c u r v e s  d u e  t o  t h e  3 0  

h e t e r o g e n e i t y  o f  t h e  t i t a n i u m  o x i d e  f i l m  s h a p e .  3 1  

 3 2  

K e y w o r d s :  3 3  

M o l t e n  s a l t  e l e c t r o l y s i s ;  Ti t a n i u m  o x i d e ;  H i g h - s p e e d  3 4  

m i c r o s c o p y ;  L i C l - K C l ;  L i q u i d  L i ;  3 5  

  3 6  
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I n  t h e  r e f i n i n g  i n d u s t r i e s  o f  t h e  o x i d e - s t a b l e  m e t a l l i c  3 7  

e l e m e n t s ,  t h e  e l e c t r o l y s i s  o f  t h e  m o l t e n  c h l o r i d e  i s  i n d i s p e n s a b l e .  3 8  

T h u s ,  a n d  e f f i c i e n t  e l e c t r o l y s i s  h a s  b e e n  d e v e l o p e d ,  f o r  e x a m p l e ,  3 9  

f o r  u s e  i n  t h e  K r o l l  p r o c e s s  f o r  t i t a n i u m  p r o d u c t i o n .  I n  t h e  K r o l l  4 0  

p r o c e s s ,  T i O 2  i s  f i r s t  c o n v e r t e d  t o  T i C l 4  b y  C l 2  g a s .  T h e n ,  l i q u i d  4 1  

M g  r e d u c e s  t h e  T i C l 4  s u c h  t h a t  h i g h - p u r i t y  m e t a l l i c  s p o n g e  T i  i s  4 2  

o b t a i n e d .  T h e  l i q u i d  M g  a n d  g a s e o u s  C l 2  a r e  r e g e n e r a t e d  b y  4 3  

e l e c t r o l y s i s  o f  t h e  b y p r o d u c t  M g C l 2  a n d  r e c y c l e d .   4 4  

I n  o r d e r  t o  a v o i d  s o m e  c o m p l i c a t e d  s t e p s  i n  t h e  K r o l l  p r o c e s s ,  4 5  

t h e  d i r e c t  e l e c t r o c h e m i c a l  d e c o m p o s i t i o n  o f  T i O 2  i n  m o l t e n  C a C l 2  4 6  

h a s  b e e n  p r o p o s e d .  I n  t h e  F F C  C a m b r i d g e  p r o c e s s ,  t h e  o x i d e  4 7  

a n i o n  c a t h o d i c a l l y  t r a n s f e r s  f r o m  t h e  s o l i d  T i O 2  p e l l e t  t o  t h e  4 8  

a n o d e  i n  a  m o l t e n  s a l t  b a t h . [ 1 ]  B e c a u s e  t h e  T i - O  b i n a r y  s y s t e m  4 9  

c o n t a i n s  m a n y  s u b o x i d e s ,  o x y g e n  i n  t h e  h i g h e r  o x i d e  i s  r e m o v e d  5 0  

t o  f o r m  a  l o w e r  o x i d e  u p o n  r e c e i v i n g  a n  e l e c t r i c a l  c h a r g e  f r o m  5 1  

t h e  c a t h o d e .   5 2  

A n o t h e r  p r o m i s i n g  m e t h o d ,  t h e  O S  p r o c e s s ,  h a s  b e e n  p r o p o s e d ,  5 3  

i n  w h i c h  t h e  o x i d e  a n i o n  t r a n s f e r  i n  C a C l 2  i s  b e t t e r  u t i l i z e d  5 4  

b e c a u s e  a s  m u c h  a s  2 0  m o l %  C a O  t h a t  a c t s  a s  a n  e l e c t r o l y t e  c a n  5 5  

d i s s o l v e  i n t o  t h e  m o l t e n  C a C l 2  a t  1 1 7 3  K [ 2 - 5 ] .   T h e  5 6  

e l e c t r o c h e m i c a l l y  d e p o s i t e d ,  l i q u i d  C a  a t  t h e  c a t h o d e  a l s o  5 7  

d i s s o l v e s  i n t o  t h e  m o l t e n  C a C l 2 ,  a n d  t h e  d i s s o l v e d  C a  w o r k s  5 8  

e f f e c t i v e l y  t o  r e d u c e  t h e  t i t a n i u m  o x i d e  p o w d e r .  S i m i l a r l y ,  L i C l  5 9  

a n d  i t s  b i n a r y  c h l o r i d e  s y s t e m s  c a n  d i s s o l v e  o x y g e n  a n i o n s  a t  6 0  

l o w e r  t e m p e r a t u r e s , [ 6 - 8 ]  a n d  K C l  i s  s o m e t i m e s  a d d e d  t o  l o w e r  t h e  6 1  
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t e m p e r a t u r e  f u r t h e r . [ 9 ]  E l e c t r o c h e m i c a l l y  d e p o s i t e d  l i q u i d  L i  i n  6 2  

m o l t e n  L i C l - K C l  h a s  b e e n  o b s e r v e d  t o  f o r m  d r o p l e t s  o n  a n  6 3  

a t t a c h e d  c a t h o d e . [ 1 0 ]  D e s p i t e  i t s  i m p o r t a n c e ,  t h e r e  i s  o n l y  l i m i t e d  6 4  

k n o w l e d g e  a b o u t  t h e  d y n a m i c  r e d u c i n g  b e h a v i o r  o f  T i O 2  b y  l i q u i d  6 5  

L i .  R e c e n t l y ,  b l a c k ,  f i l m - l i k e ,  c o l l o i d a l  L i  ( i n  t h e  f o r m  o f  a  m e t a l  6 6  

f o g )  w a s  o b s e r v e d  o n  a n  e l e c t r o d e p o s i t e d  t h i n  L i  m e t a l  i n  m o l t e n  6 7  

L i C l - K C l . [ 1 1 ]  T h e  d e t a i l e d  b e h a v i o r  o f  r e d u c i n g  T i O 2  , h o w e v e r ,  6 8  

h a s  y e t  t o  b e  c l a r i f i e d .   6 9  

A  d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  d y n a m i c  b e h a v i o r  o f  T i O 2  7 0  

r e d u c t i o n  i s  n e c e s s a r y  t o  c o n t r o l  a n d  o p t i m i z e  t h e  e l e c t r o l y s i s .  7 1  

B e s i d e s  i m p r o v i n g  t h e  F F C  a n d  O S  p r o c e s s e s ,  s u c h  k n o w l e d g e  7 2  

c a n  b e  a p p l i e d  i m m e d i a t e l y  t o  t h e  c u r r e n t  m o l t e n  s a l t  e l e c t r o l y s i s  7 3  

p r o c e s s e s  a n d  w o u l d  b r i n g  a  l a r g e  e n e r g y  s a v i n g s  d u e  t o  7 4  

i n c r e a s e d  t h e r m a l  e f f i c i e n c y  i n  t h e  m e t a l - r e f i n i n g  i n d u s t r i e s .  7 5  

C y c l i c  v o l t a m m o g r a m s  ( C V s )  o f  t h e  o x i d e  e l e c t r o d e  i n  h i g h -7 6  

t e m p e r a t u r e  m o l t e n  s a l t s  d i s p l a y  u n i q u e  f e a t u r e s  t h a t  t h e  7 7  

r e d u c t i o n  c u r r e n t  i n c l u d i n g  m u l t i - i n t e r f a c i a l  t r a n s i e n t  d y n a m i c  7 8  

b e h a v i o r  [ 1 2 ] .  D a t a  o n  t h e  r e d u c t i o n  r a t e ,  c u r r e n t  e f f i c i e n c y ,  a n d  7 9  

e n e r g y  c o n s u m p t i o n  d u r i n g  t h e  e l e c t r o r e d u c t i o n  o f  o x i d e s  u n d e r  8 0  

p o t e n t i o s t a t i c  c o n d i t i o n s  w e r e  r e c o r d e d ,  a n d  t h e s e  e x p e r i m e n t a l  8 1  

f i n d i n g s  f o r m  t h e  b a s i s  o f  t h e  o p t i m i z a t i o n  o f  t h e  8 2  

e l e c t r o r e d u c t i o n  m e t h o d  [ 1 3 ,  1 4 ] .  F o r  a n  i n - d e p t h  d i s c u s s i o n ,  w e  8 3  

d e v e l o p e d  a n  i n - s i t u  o b s e r v a t i o n  t e c h n i q u e  t o  o b s e r v e  t h e  T i O 2  8 4  

i n t e r f a c i a l  b e h a v i o r  i n  m o l t e n  L i C l - K C l  e l e c t r o l y s i s  b y  t r a c k i n g  8 5  

t h e  t h i n  f i n e  T i O 2  e l e c t r o d e  s u r f a c e  o b t a i n e d  b y  t h e  h i g h - s p e e d  8 6  
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d i g i t a l  m i c r o s c o p y  s y n c h r o n i z e d  w i t h  t h e  e l e c t r o c h e m i c a l  8 7  

m e a s u r e m e n t  i n  t h i s  s t u d y .   8 8  

A schemat ic  d iagram of  the  experimental  apparatus  i s  depicted  in  a  8 9  

reference . [ 1 0 ,  1 5 ]  A vert ica l  quar tz  glass  vessel  wi th  a  barrel -vaul ted 9 0  

(semicyl indrica l)  shape,  100  mm in  diameter  and  250 mm in  height ,   9 1  

(Kondo Science ,  Inc . )  was employed .  The f lat  s ide of  the vessel  enabled 9 2  

in -s i tu  observat ions .  An elect r ic  res is tance furnace (S iC heater )  wi th a 9 3  

f la t  quar tz  window was  designed to  observe the phenomena  wi thin the 9 4  

vessel  under  control led  temperature.  A metal  ha l ide l igh t  (Phot ron Co. ,  9 5  

Ltd . ,  HVC-SL,  maximum l ight  f lux:  12 ,500 lm )  was  used  as  an 9 6  

auxi l iary l igh t  source .   9 7  

Changes in  the e lec trode inter face  were recorded  at  a  rate  of  5 00  9 8  

fps  (0 .002  s  in tervals )  wi th  the  image s ize  of  640  × 480 pixels  using a  9 9  

high-speed  d igi tal  camera  ( Di tect  Co. ,  Ltd . ,  HAS -D71,  monochrome) .  1 0 0  

With  a  long-dis tance  zoom lens  (VS Technology Co.  Ltd. ,  VSZ -10100,  1 0 1  

working d is tance:  95  mm ),  the  minimum f ield  of  view  i s  666 μm × 500 1 0 2  

μm and the maximum resolut ion of  1.04  μm  was obta ined .  The elec trode 1 0 3  

surface morphology was t racked  in each captured image  by image 1 0 4  

process ing software  (Phot ron  Co. ,  Ltd. ,  PFV Viewer) .  Reagent -grade 1 0 5  

LiCl  (Wako Pure Chemical  Co.  Ltd . ,  >99.0%)  and  KCl  (Wako,  >99.5%)  1 0 6  

were used  for  preparing the  mel t .   1 0 7  

The eutect ic  mixture  of  LiCl –KCl  (59:41  mol%, mel t ing point  =  625 1 0 8  

K (352 ºC) )  was  packed in  a boros i l i ca te glass  crucible  with a f la t  s ide  1 0 9  

was  set t l ed  in  the  vessel  and  was  dried  in  vacuum at  573  K  (300 ºC) 1 1 0  

for  more  than  12  h .  Then i t  was  heated  up to  673 K (400 ºC,  the constant  1 1 1  
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exper imental  t emperature)  and  main tained  for  5  h  to  remove residual  1 1 2  

water.  Al l  exper iments  were  conducted in  an Ar  atmosphere 1 1 3  

(>99.9995%).  The mel t  t emperature was  measured wi th  a  K - type 1 1 4  

thermocouple  with  a  glass  sheath .   1 1 5  

After  the mixed  sa l t  was mel ted ,  the  suspended elect rodes were 1 1 6  

immersed  in to the  mel t .  Th ree types of  working e lec trode w ere 1 1 7  

prepared f rom Ti  rod (Nilaco Corp. ,  ϕ  1.5  mm,  99.5%).  Fi rs t  was  as  1 1 8  

received,  second and thi rd were  heat - t reated for  1  h under  1073 and  1 1 9  

1173 K,  respect ively.  Figure 1  (a)  shows the  appearances  of  prepared  1 2 0  

t i t anium oxide e lect rode s .  On the surface of  the  heat - t reated  e lect rodes,  1 2 1  

a whi te oxide  f i lm formed on  each .  The scanning e lect ron microscope 1 2 2  

(SEM) image  shown in Fig.  1(b)  c learly showed the format ion of  oxide 1 2 3  

f i lm on the  surface of  the e lect rode,  and t he  X-ray d i ff rac t ion ( XRD) 1 2 4  

pat tern  of  the  fabr icated  e lect rode  (Fig.  1  (c) )  ident i f ied the oxide  f i lm 1 2 5  

as  main ly TiO2 .  The average thicknesses  of  the oxide  f i lms obtained 1 2 6  

f rom the  SEM images increased  wi th  the heat - t rea tment  temperature,  1 2 7  

namely 0 .0 ,  2 .0  and  7.3  μm ;  thus ,  the three samples  were  named T0.0 ,  1 2 8  

T2.0 and T7.3 .  The immers ion  depth  of  the  working elec t rode was  f ixed 1 2 9  

at  40  mm and the  other  part  of  the  e lec t rodes  was insulated  using 1 3 0  

protect ive Al 2 O3  tube as  shown in  Fig.  1  (a) .  The counter  elect rode was  1 3 1  

a  graphi te  rod (Toyo Carbon Corp . ,  ϕ  10  mm).  An Ag + /Ag reference  1 3 2  

elect rode was employed .  This  elec t rode ,  consis t ed of  a s i lver  wi re (ϕ  1 3 3  

1.0 mm,  99.99%, Ni laco) ,  a  LiCl -KCl  eu tect ic  mel t  conta in ing 0.5  1 3 4  

mol% AgCl  (Wako,  99 .5%)  and a  borosi l i cate  tube ,  and  the  s i lver  wi re  1 3 5  

was immersed  in  the  eu tect ic  mel t  wi thin the  tube .  Elect rochemical  1 3 6  
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measurements  were performed us ing an automat ic polar izat ion  sys tem 1 3 7  

(Hokuto Denko Corp. ,  HZ-5000) .  The inter-elec t rode vol tage  and  1 3 8  

microscope images  were synchronized  wi th  an  er ror  less  than  4 μs b y 1 3 9  

us ing an analogue s ignal  synchronous  sys tem (Ditect  Co. ,  Ltd . ,  DI -1 4 0  

SYNC 29N).   1 4 1  

Fig. 1 Titanium oxide electrode previously prepared by heat treatment under air environment. (a): 1 4 2  

Photos of the three, different-thickness titanium oxide electrodes. (b): Scanning electron microscope 1 4 3  

(SEM) image of the T2.0 electrode cross-section. (c): X-ray diffraction (XRD) pattern of electrodes 1 4 4  

before and after heat treatment. 1 4 5  

 1 4 6  

Figure 2  shows the cycl ic  vol tammogram (CV, scan rate :  10 mV /  1 4 7  

s)  obtained  by the  T7.5 working e lect rode.  Sharp increases  in  the  1 4 8  

cathodic and  corresponding anodic  currents  compared  to  the  Ag/Ag+  1 4 9  

reference  elec t rode  were observed  at  about  E  = −2.4  V.  These two 1 5 0  

current  changes  are  thought  to  be due to  the deposi t ion  of  Li( l )  and  1 5 1  

the  d isso lu t ion  of  the  deposi ts ,  respect ively. [ 1 6 ]  The cathodic  current  1 5 2  

at  E  =  −0.7 to  −1.0  V i s  the  reported  reduct ion  potent ial  of  the  1 5 3  
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t i t anium ion:  Ti 4 +  +  e -  → Ti 3 +  (E = −0.9  V);  Ti 3 +  +  e -  → Ti 2 +  (E  = 1 5 4  

−1.0  V). [ 1 7 ]  Al though the  solubi l i t y of  Li 2 O was  es t imated  to  be 0 .31  1 5 5  

mol% in  LiCl -KCl eutect ic  mel t  a t  673  K (400 ºC)  [ 8 ] ,  because  of  the  1 5 6  

negl igible  solubi l i ty of  TiO 2 ,  the  d i rect  elect rochemical  reduct ion of  1 5 7  

the  TiO 2  fo l lowing the mechanism of  the  FFC process  descr ibed in  1 5 8  

Eq.  1 .  1 5 9  

 TiO𝑥 + e− → TiO𝑥−1 +
1

2
O2− ( 1 )  

 1 6 0  

Fig. 2. Cyclic voltammogram and corresponding photographs of T7.5 titanium oxide electrode in 1 6 1  

LiCl-KCl. Images were taken at a: -0.50V, b: -0.70V, c: -1.00V, d: -1.10V, e:-1.30V, f:-2.50V, g: -1 6 2  

2.45V, h: -0.50V. 1 6 3  

 1 6 4  

With  the  progress  of  potent ia l ,  the appearance of  the  TiO2  1 6 5  

elect rode changed f rom white  to  black  as  shown in  the  photos  in  Fig.  1 6 6  

2a-c.  Fig.  2d showed the breakage of  the  b lack surface ,  and  smal l  1 6 7  
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pieces  broke  apart  f rom the e lect rode.  At  this  moment ,  the current  1 6 8  

densi ty became approximately zero ,  and  thus  the react ivi ty of  the  1 6 9  

elect rode surface  was lost  due  to  mechanical  d isconnect ion .  In  the  1 7 0  

ini t i a l  s t age  of  potent ia l  progression,  the deformation  of  the t i t anium 1 7 1  

oxide  occurred due to  the  volume change with  the e lect rochemical  1 7 2  

reduct ion .  Next ,  the  deformed part  of  the  surface  was  part ia l l y peeled 1 7 3  

off  f rom the  elec trode and  d ispersed  into  the  mel t .  In  Fig.  2f -g,  no  1 7 4  

metal  fog was  observed  in  the  Li ( l )  elec trodepos i t ion  while  only s i lver  1 7 5  

white  precip i ta te was observed .  According to  a previous  s tudy [ 1 0 ] ,  1 7 6  

when an  inact ive  Mo elect rode was  used as  the working e lect rode,  a  1 7 7  

blue meta l  fog was  generated,  and  the  amount  of  the  fog generat ion  1 7 8  

decreased as  the amount  of  oxide  ions  increased .  The meta l  fog i s  a lso 1 7 9  

rela ted  to  the amount  of  Li ( l )  and the  t ime of  the  d isso lu t ion ;  however,  1 8 0  

i t  was  l ikely that  the  oxide  ions  al ready exis t ed  in  the  vic ini ty of  the  1 8 1  

working e lect rode due to  the t i t an ium oxide reduct ion .   1 8 2  

The ra t io  of  the  e lect r ic  charges  pass ing through the  anode to  1 8 3  

one through  the  ca thode ,  (𝑞𝑎 𝑞𝑐⁄ ) ,  in  the  reg ion  of  E  < -2 .0V gave a 1 8 4  

momentary coulombic  eff ic iency of  𝑞𝑎 𝑞𝑐⁄ = 0.871.  This  showed that  the 1 8 5  

precipi ta t ion  of  the  Li ( l )  advanced  the  cathodic  react ion of  the Ti  oxide 1 8 6  

by the OS process  mechanism as  descr ibed by Eq.  2 :   1 8 7  

 Li+ + e− → Li(𝑙) ( 2 a )  

 TiOy + 2Li(𝑙) → TiOy−1 + Li2O(dissolved) ( 2 b )  

In  the CV measurement ,  mechanical  deformat ion of  t i t anium oxide  1 8 8  
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occurs  during the  potent ial  sweep,  so  i t  i s  di ff icu l t  to  know the  1 8 9  

behavior  of  the  TiO 2  e lect rode that  corresponds  to  the  Li ( l )  1 9 0  

elect rodeposi t ion  potent ia l .   1 9 1  

Figure 3  shows  the  behavior  of  the  TiO2  e lec t rode surface  obtained 1 9 2  

by the  h igh-speed observat ion during the  chronoamperomet ry  1 9 3  

measurement  under  -2 .75  V for  2 .000s. (See  al so  the  elec t ronic 1 9 4  

supplementary v ideo f i l es  for  more deta i led  unders tanding .  Each v ideo  1 9 5  

i s  6  seconds long. )   1 9 6  

 1 9 7  

Fig. 3. Electro-reduction behavior of T2.0 and T7.3 TiO2 electrodes observed by chronoamperometry 1 9 8  

(at E = -2.75 V). (a): current-time curves, (b): representative photographs of electrode. 1 9 9  

 2 0 0  

After  the in i t i al  increase ,  the current  converged  to  the approximate ly 2 0 1  

constant  value in  a l l  samples .  The ini t i al  peak current  was  the largest  2 0 2  

at  T0.0  and  showed a  tendency to  decrease  as  the  TiO2  f i lm thickness  2 0 3  
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increased .  The surface  of  the  T2.0  elect rode changed f rom white  to  2 0 4  

black immediate ly af ter  the appl icat ion of  poten t ial .  This  change 2 0 5  

proceeded  non-uni formly and  showed mott led  pat tern  grown f rom black 2 0 6  

spots .  The black par t  was  the t i t an ium oxide reduced by the  mechanism 2 0 7  

of Eq.  1  (or  perovski tes  l ike  LiTiO 2  and LiTi 2 O4  [ 1 8 ] ) .  After  the  2 0 8  

elect ro lys i s  at  a  cons tant  potent ial ,  the black -colored t i t anium oxide 2 0 9  

surface  was  also  observed  in  the  CV tes t .   2 1 0  

In  the case of  the  T7.5  e lect rode ,  the black surface rap id ly developed,  2 1 1  

and i t  became uni form as  elec t rochemical  reduct ion  progressed .  Af ter  2 1 2  

t  =  0 .08  s ,  the  metal l i c  droplet s  form ed,  and  the  meta l l i c  l iquid  spread  2 1 3  

onto  the  ca thode surface .  This  phenom enon indicated  that  the  reduct ion  2 1 4  

react ion  of  the TiO x  was  progress ing by the  elect rochemical  depos i t ion 2 1 5  

mechanism of  Eq.  2a  and  2b .  Af ter  t  =  2.0  s ,  al l  meta l l i c  droplet s  2 1 6  

disappeared ,  and  the  b lack  t i t anium oxide  surface  remained .  To  2 1 7  

unders tand  in  detai l  the  t ransient  change in  the  TiO x  s t ructure ,  our  2 1 8  

future  work  wil l  involve the  c hemical  analys i s  of  the sample .  2 1 9  

From the  di fferences  in  behaviors  of  the T2.0  and T7.5  elect rodes ,  2 2 0  

the  fol lowing conclus ions  can  be  drawn .  For  the  in i t i a l  TiO 2  wi th  a  2 2 1  

high  elec t r ic  res i s tance,  the reduct ion proceeds  by the mechanism of 2 2 2  

Eq.  1  and  the  conduct iv i ty  increases;  thi s  react ion  should  grow 2 2 3  

heterogeneously on  the  cathode surface.  Therefore ,  af ter  Li ( l )  2 2 4  

genera ted  in  a  region  hav ing a  re lat ively h igh  conduct ivi ty on  the  2 2 5  

cathode surface,  the  react ion  progresses  by spreading over the surface 2 2 6  

of the elec t rode.  The T7.5  sample has  not  only th icker  but  a lso more 2 2 7  

porous  TiO2  l ayer  than the T2.0  f i lm. [ 1 9 , 2 0 ]  The reduct ion  of  f i lm TiO 2  2 2 8  
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did  not  damage the  elec t ro lyt ic  product  because  of  the  presence  of  the  2 2 9  

elect rochemical  react ion  inter face ,  i . e .  h ighly conduct ive  Li  ( l )  and 2 3 0  

mol ten  sal t ,  on the  oxide  f i lm .  Thus,  before  elec t ro lys i s ,  the  mol ten  2 3 1  

sal t  penet rates  in to  the inside of  the porous  TiO 2 ,  and the  genera ted  2 3 2  

Li(1 )  droplet  causes  a  lower  elec t r ical  res is tance .  The reduct ion  of  2 3 3  

t i t anium oxide  on  the  surface  progress es  by Eq.  2  to  wet  Li ( l )  on  the  2 3 4  

ent i re  elec t rode surface .   2 3 5  

Figure  4  shows the  vol tage  behavior  between WE and CE,  U ,  and  the  2 3 6  

observed  T2.0 -TiO 2  e lec trode surface  under  various  potent ia ls  for  2 3 7  

2.000 s .  At  E  = -1.0 V,  V  became a lmost  constant  and  showed a 2 3 8  

maximum at  t  =  0 .08  s ,  but  V  a t  E  =  -1.5,  -2 .0 ,  and  -2 .5  V showed 2 3 9  

unstable  behaviors .  As  seen  in  the  f igure ,  the color  of  each  elec t rode 2 4 0  

changed to  b lack  af ter  the  potent ial  was appl ied .  However,  when TiO x  2 4 1  

broke local ly as  shown in Fig.  2 ,  the  elec t r ical  conduct iv i ty of  the 2 4 2  

elect rode became non-uni form.  This  i s  the probable reason for  vol tage  2 4 3  

f luctuat ions .  When E  =  -2 .75  V,  some sh iny par ts  tha t  appear  to  be  Li ( l )  2 4 4  

are found a t  t  = 1 .90  s .  Here,  Eq .  1  was the dominant  react ion  ini t i a l l y,  2 4 5  

but  Eq.  2  was  dominant  on  some part s  of  the  elect rode surface .  Once 2 4 6  

Li( l )  is  formed,  i t  becomes  the  current -carrying s i te  and  Eq.  2  proceeds 2 4 7  

fur ther.   2 4 8  

Summariz ing ,  a  sys tem was cons tructed to  visual ize  t i t an ium oxide 2 4 9  

reduct ion  based  on  molten  sa l t  e lect rolys i s  in  order  to  bet ter  2 5 0  

unders tand  i t s  representat ive  inter facial  behavior  in  th is  s tudy.  We 2 5 1  

focused  on  reducing  TiO2  in  mol ten  LiCl -KCl  eu tect ic  sal t  at  673 K .  2 5 2  

The observed character is t ic  inter facia l  behaviors  include (1)  2 5 3  
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mechanical  breakage of  t i t anium oxide by the e lect rochemical  2 5 4  

reduct ion  and  d ispers ion  of  t i t anium oxide  in to  the  bath ,  (2)  local  2 5 5  

elect rochemical  re duct ions  a t  the conduct ive regions ,  due  to  surface  2 5 6  

nonuni formity,  and  (3)  elect rodepos i ted  Li ( l )  wet t ing the t i t anium 2 5 7  

oxide  during the  reduct ion  react ion .  The resul ts  f rom both  the ca thode 2 5 8  

inter fac ial  snapshots  and the  current - t ime curves  sugges t  tha t  i t  i s  2 5 9  

important  to  increase the area  of  the  react ive region  between the  2 6 0  

t i t anium oxide  and  the  molten  sa l t  for  eff icient  reduct ion  by 2 6 1  

elect rodeposi ted  Li ( l )  by avoiding a  concent rat ion  of  Li ( l ) .  2 6 2  

 2 6 3  

Fig. 4. Electro-reduction behavior of T2.0 TiO2 electrodes observed by chronoamperometry (at 2 6 4  

various potentials). (a): voltage-time curves, (b): representative photographs of electrode. 2 6 5  

 2 6 6  

 2 6 7  
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