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Résumé - On décrit ici deux techniques originales, adaptées à l'étude et à 
l'indentification in-situ de films solides fins, apparaissant au cours de 
traitements électrochimiques : la spectrophotoélectrochimie (SPEC), 
c'est-à-dire l'analyse spectrale des courants électrochimiques photogénérés 
dans le film, d'une part, et d'autre part la spectroscopie Raman, utilisée 
au cours de l'électrolyse. Ces techniques sont appliquées à l'étude de la 
passivité du fer. 

Abstract - Two new techniques, well-suited to the in-situ study and 
T3entvfTcation of the thin films grown during electrochemical processes 
are described here: on the one hand the spectrophotoelectrochemistry (SPEC) 
i.e., the spectral analysis of the photogenerated electrochemical currents 
in the film, and, on the other hand, Raman spectroscopy during electrolysis. 
These techniques are applied to the study of the passivity of iron. 

The optical techniques are particularly well-suited to the study of the electroche­
mical systems, since they can be used in-situ during electrolysis. But, when the 
system consists of a thin solid film covering a metallic electrode, one encounters a 
failure of most of the usual techniques : for instance, in the particularly complex 
case of the passivity of iron, where several oxihydroxide or oxide modifications are 
possible,a knowledge of only the optical indices is insufficient to give a complete 
chemical identification of the film. 

Of course, this chemical identification could be done, without any ambiguity, by 
Raman spectroscopy, but, with the small amount of material present, one is at the 
limit of the sensitivity for this technique. Therefore it is useful to have in 
parallel, spectrophotoelectrochemical measurements (SPEC), giving the shape of the 
response to the light excitation for a film polarised in an electrolytic solution. 

I - EXPERIMENTAL 

Raman spectroscopy. Ke have measured spectra with DILOR RT 30 spectrometer with an 
Tnterface~specTally designed for an APPLE 2 computer, which allows the accumulation 
of spectra and the substraction of background. This capability seemed to us useful 
for substracting the spectrum of the electrolytic solution. The sample was placed 
flat in the electrolyse cell, it received illumination at grazing incidence by a 
laser beam ; the Raman light collected at right angle entered the spectrometer by a 
microscope,passing through one mm solution. The output of laser power is generally 
400 mW, and we use 4880 A radiation, the results being the same with the 5145 A . 
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Be observed no n o t i c e a b l e  change i n  t h e  s ~ e c t r a  between TE o r  TM modes o f  propaga- 
t i o n .  The s p e c t r a l  range a v a i l a b l e  f o r  t h e  s tudy o f  i r o n  ox ides  was between 200-and 
750 cm-1 . 
SPEC . When a  semiconduct ing m a t e r i a l  i s  i l l u m i n a t e d  w i t h  a  l i g h t  energy h i p h e r  than 
t h e  edge o f  i t s  o p t i c a l  abso rp t i on ,  and when i t  i s  p o l a r i z e d  by an e l e c t r o l y t e ,  one 
observes a  sharp i nc rease  o f  t he  c u r r e n t ,  1Ta. f o l l o w e d  by a  decrease, Ita, and a  
s t a b i l i s a t i o n  t o  a  s t e a j y - s t a t e  va lue, issa,  wh ich  i s  d i f f e r e n t  f rom t h e  va lue  of t h e  
dc e l e c t r o l y s e  c u r r e n t .  When t h k m p l e  i s  daaened,  one observes ano the r  t r a n s i e n t  
c u r r e n t ,  it,, hav ing  an oppos i t e  s i g n  and a  va lue  comparable t o  t h e  va lue  o f  ita. 
One can say, t o  a  f i r s t  approx imat ion ,  t h a t  iTa g i v e s  a p i c t u r e  o f  a l l  t h e  s i t e s  
where an e-h p a i r  can be created,  i .e .  i t  rep resen ts  t h e  o p t i c a l  a b s o r p t i o n  i n  t h e  
semiconducing m a t e r i a l ,  coming f rom a  charge t r a n s f e r  phenomenon;the c u r r e n t s  i t a  
and i t c  g i v e  a  p i c t u r e  o f  t h e  s i t e s  where t h e  t r a p p i n g  o f  one o f  t he  c a r r i e r s  can 
occur.  The s p e c t r a l  d i s t r i b u t i o n  o f  these d i f f e r e n t  c u r r e n t s ,  and t h e  t i m e  cons tan ts  
o f  t h e  t r a n s i e n t s ,  can g i v e  v a l u a b l e  i n f o r m a t i o n  about  t h e  m a t e r i a l ,  and can l e a d  t o  
i t s  i d e n t i f i c a t i o n .  

However, these pho tocu r ren ts  a r e  g e n e r a l l y  weak, over  a l l  i n  t he  p resen t  case ( t h i n  
f i l m )  where t h e  amount o f  m a t e r i a l  i s  low. To overcome t h i s  d i f f i c u l t y ,  we have 
b u i l t  a  spec ia l  d i f f e r e n t i a l  amp1 i f i e r  wh ich  a1 lows t o  separa te  t h e  pho tocu r ren t  
hav ing an ampl i tude o f  about 0.5 nA f rom t h e  v e r y  much l a r g e r  dc c u r r e n t s .  Under 
these c o n d i t i o n s ,  and t h e  i l l u m i n a t i o n  o f  a  450 W Xenon lamp, we a r e  a b l e  t o  f o l l o w  
t h e  p a s s i v i t y  o f  i r o n  o v e r a l l  i t s  range, and t o  work w i t h  f i l m s  hav inq  t h ~ ~ k n e s s  
between a  monolayer and 50 a.  
Elec t rochemis t r y .  The i r o n  samples were p o l a r i z e d  i n  d i f f e r e n t  e l e c t r o l y t e s ,  and f o r  --------------- 
ins tance  i n  t h e  s u l f u r i c  a c i d  s o l u t i o n ,  t h e  pass i ve  range extends f rom 0  t o  IV/SSE 
( r e f e r e n c e  e l e c t r o d e  a t  sa tu ra ted  s u l f a t e ) .  

Standards. These two methods r e q u i r e d  standards : we have used s i n g l e  c r y s t a l s  of 
hemat i te ,  a-Fe203, and magnet i te ,  Fe304. U n f o r t u n a t e l y ,  we had no a-FeOOH, which i s  
supposed t o  p l a y  an impor tan t  r o l e  i n  t he  p a s s i v a t i o n  processes. We have a l s o  s t u -  
d i e d  t h e  t h e r m a l l y  grown ox ides on i r o n  t o  compare t h e  r e s u l t s  o f  t h e  two techn iques 
: when t h e  o x i d a t i o n  temperature  i s  above 400°C, one o b t a i n s  t h e  hemat i te ,  and when 
i t  i s  below 200°C one o b t a i n s  t h e  magnet i te .  A range o f  temperature e x i s t s  where one 
produces m i x t u r e  o f  these two m o d i f i c a t i o n s  /I/. These spectrum a l l o w s  us  t o  ex- 
p l a i n  r e s u l t s  found f o r  t h e  case o f  pass i ve  f i l m s .  Fo r  Raman and f o r  SPEC, t h e  
re fe rence  samples were p o l a r i z e d  under t h e  same c o n d i t i o n s  as t h e  pass i ve  i r o n .  

I 1  - RESULTS --- 

Raman Spectroscopy 

1. Ro le  o f  t h e  s o l u t i o n .  F i g u r e  1  g i v e s  t h e  in-situ,Raman spectrum ( t h e  sum 
o f  4 s c a f i s ] - 6 f - a - f ? i i - h a ~ ? n ~ - a  th i ckness  of  about  150-200 A.  The techn ique f o r  i n -  
c reas ing  t h e  th i ckness  o f  a  f i l m  has been shown by A r v i a  and Pal l o t t a  (unpub l ished 
r e s u l t s ) ,  and i n v o l v e d  t h e  use o f  many ve ry  f a s t  o x i d a t i o n - r e d u c t i o n  c y c l e s  (O.R.C. 1. 
The th i ckness  o f  f i l m s  i s  es t ima ted  form t h e  i n t e r f e r e n c e  i n  t h e  o p t i c a l  spectrum of 
o x i d i z e d  i r o n .  The presence o f  Fe304 i s  c l e a r l y  seen i n  t h e  f i g u r e  1  w i t h  t h e  two 
peaks a t  550 cm-1 and 676 cm-1 /1,2/. The presence o f  e l e c t r o l y t e  p reven ts  any obser-  
v a t i o n  below 350 cm-1 ; b u t  a f t e r  t h i s  value, t h e  KOH s o l u t i o n ,  as t h e  most o f  pas- 
s i v a t i n g  s o l u t i o n s ,  reproduces t h e  wa te r  spectrum ; i t s  f a i n t  b road maximum a t  450 
cm-1 i s  even n o t  d e t e c t a b l e  here.  On t h e  con t ra ry ,  t h e  s tudy i n - s i t u  o f  t h e  pass iva-  
t i o n  i n  s u l f u r i c  a c i d  s o l u t i o n  i s  imposs ib le  because o f  t h e  number and magnitude of  
t h e  Raman peaks i n  t h e  range. 

~ z - ~ ~ e n t j f j c a ~ j g n - g f - ~ E p g _ s _ s j y e e f j l m  . F i g u r e  2 g i v e s  t h e  Raman spectrum of a  
film grown p o t e n t i o s t a t i c a l l y  a t  0.6 V/SSE i n  a  0.5 M s u l f u r i c  a c i d  s o l u t i o n ,  and 
ob ta ined  a f t e r  removing sample o u t  o f  t h e  e l e c t r o l y t e  . T h i s  sample has been p o l a r i -  
zed e x a c t l y  under t h e  p a s s i v a t i o n  c o n d i t i o n s  b u t  i t s  t h i c k n e s s  was t h i c k e r  than t h e  
" a c t u a l "  pass i ve  f i l m  by m a i n t a i n i n g  t h e  p o l a r i z a t i o n  f o r  60 hours : i t  has reach a  



t h i ckness  comparable t o  these o f  t h e  (precedent sample ( f i g u r e  1) .  Here, t he  two 
f i r s t  peaks a t  300 cm-1 and 412 cm-1 /3/  a r e  c h a r a c t e r i s t i c  o f  Fe203 and one a l s o  
sees t h e  two peaks f rom Fe304 : t h e r e f o r e  one has a  m i x t u r e  o f  magnet i te  and hema- 
t i t e .  Th i s  spectrum has some p o i n t s  i n  common w i t h  t h e  spectrum o f  a-FeOOH pub l i shed  
i n  t h e  l i t e r a t u r e  /4/  b u t  t he  main d i f f e r e n c e  i s  i n  t h e  p o s i t i o n  of t he  main peak, 
which i s  a t  385 cm-1 i n  t h e  ox ihydrox ide,  and a t  413 cm-1 e i t h e r  i n  pure hemati te,or 
as seen on t h e  thermal oxides, i n  samples mixed w i t h  magnet i te .  T h i s  p r e l i m i n a r y  
s tudy .a l l ows  us then t o  a s c e r t a i n  t h a t  one has t h e  m i x t u r e  o f  ox ides,  and n o t  t he  
ox ihydrox ide.  

The Raman spectroscopy has now proved f o r  t h e  f i r s t  t ime t h a t  magnet i te  i s  always 
present ,  i n  f i l m s  grown under c o n d i t i o n s  near  t h a t  o f  t h e  pass i va t i on .  T h i s  i s  o f  
g r e a t  s i g n i f i c a n c e ,  because t h e  m a j o r i t y  o f  t he  t h e o r i e s  used i n  e lec t rochemis t r y ,  
ass ign  the p a s s i v a t i o n  phenomenon t o  the  c r y s t a l l i z a t i o n  o f  p u r e l y  t r i v a l e n t  species. 

SPEC . F igu re  3 g i ves  t h e  pho tocu r ren t  behav iour  o f  a  Fez03 s i n g l e  c r y s t a l .  It r e -  
FFiduces t h e  o p t i c a l  spectrum o f  hemati te,  except f o r  t h e  t r a n s i t i o n s  below 3  eV 
which a re  c r y s t a l - f i e l d  and l i g a n d  t r a n s i t i o n s .  /5/. I n  t h i s  case, s teady -s ta te  and 
t r a n s i e n t s  c u r r e n t s  g i v e  e x a c t l y  t he  same s p e c t r a l  d i s t r i b u t i o n .  The response o f  a  
s i n g l e  c r y s t a l  o f  magnet i te  i s  q u i t e  d i f f e r e n t  / 6 / . T h e c u r r e n t s i ~  , i taand i t c h a v e t h e  
same s p e c t r a l  d i s t r i b u t i o n ,  b u t  a  s teady -s ta te  c u r r e n t  beg ins  a t  j .65 eV, w h ~ c h  i s  
t h e  abso rp t i on  edge o f  FeO. T h i s  s teady -s ta te  c u r r e n t  i s  assigned t o  t h e  presence 
o f  ~ e 2 +  ions .  T h i s  behav ior  i s  seen on the  f i g u r e  4, which i s  r e l a t i v e  t o  a  pass ive 
f i l m ,  obta ined a t  0.4 V/SSE i n  a  b u f f e r  bo ra te  s o l u t i o n .  A  more d e t a i l e d  a n a l y s i s  of 
t h e  SPEC i n  s i n g l e  c r y s t a l s  and pass ive f i l m s  i s  done i n  r e f .  6. The impor tant  p o i n t  
here i s  t h e  i d e n t i f i c a t i o n  o f  Fe304. 

I n  t he  f i r s t  p a r t o f  pass ive range t h e c u r r e n t s  i a and it, disappear,and one has 
o n l y  a  steady s t a t e  c u r r e n t  w i t h  the  "Fez+" s t r u c t u r e .  One assumes t h a t  one has 
proDably a  p o o r l y - c r y s t a l  1  i z e d  ox ide,  w i t h  F ~ " - O H  b ind ings .  

111 - CONCLUSIONS -- 

These two approaches have l e d  us p o i n t  o u t  t he  presence o f  d i v a l e n t  i r o n  i n  t h e  f i l m .  
The SPEC i s  an i n d i r e c t  method, which r e q u i r e s  a  p r e l i m i n a r y  measurementofstandards, 
and a  c e r t a i n  knowledge o f  t h e  e-h c r e a t i o n  and recombinat ion mechanisms i n  t h e  
m a t e r i a l .  It does n o t  a l l o w  us t o  d i s c r i m i n a t e  between the  two m o d i f i c a t i o n s  hav ing 
t h e  same Fe-0 b ind ings.  I t s  main advantage i s  t o  g i v e  a  response independent o f  t h e  
c r y s t a l l i n i t y  o f  t h e  compound, and f o r  t h i n  f i l m  as monolayers. 

The Raman spectroscopy, even by summing t h e  spect ra  f o r  10 scans has n o t  g i ven  a  
response f o r  ou r  pass ive f i l m  eventhough t h e i r  thickenessmay be o n l y  5  t imes l e s s  
than the  f i l m s  shown f i g u r e s  1 and 2. Maybe, t h e  e f f e c t  o f  age ing o f  t h e  sample 
shown f i g u r e  2  i s  a l s o  caused by a  h ighe r  degree o f  c r y s t a l l i n i t y .  One has probably  
a  "sandwich" l a y e r ,  t h e  e f f e c t  o f  age ing be ing t o  s l o w l y  r e o x i d i s e  the  i n n e r  l a y e r  
of Fe304, b u t  a1 so t o  r e c r y s t a l  1  i z e  t h e  f i l m .  One can then cons idered t h a t  these 
two techniques have an e x c e l l e n t  complementar i ty.  
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Fig.  1. In - s i tu  Raman spectrum of a  Fig. 2. Raman spectrum of a 200 a - 
200 a - t h i c k  oxide f i l m  grown t h i c k  pass ive  f i l m  a f t e r  
i n  1!,l KOH a f t e r  many ORC. po ten t i  o s t a t i  c p o l a r i z a t i o n  

a t  0.6 V/SSE i n  1M H2S04 
dur ing 60 h. 

Fig. 3. SPEC spectrum of  an hemat i te  Fig .  4.  SPEC spectrum of a  pass ive  
s i n g l e  c r y s t a l  polar ized a t  f i l m  po la r i zed  a t  0.4 V/SSE 
0.7 V/SSE i n  buf fe r  bora te  i n  b u f f e r  bora te  s o l u t i o n .  
s o l u t i o n .  


