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Raman Spectra of the Anodic Oxide Film on Titanium in Acidic 
Sulfate and Neutral Phosphate Solutions 

Toshiaki Ohtsuka, Jiaju Guo, 1 and Norio Sato* 

Corrosion Research Group, Faculty of  Engineering~ Hokkaido University, Sapporo, 060 Japan 

ABSTRACT 

Laser Raman spectroscopy has been applied under in situ and ex situ conditions to the anodic oxide films formed on 
ti tanium at various potentials in neutral phosphate and acidic sulfate solutions. The Raman spectra revea] that the anodic 
oxide film is primarily composed of an anatase type of TiO~. From the relation between the Raman band intensity, film 
thickness, and surface morphology, it is likely that the film changes from the amorphous state to the crystalline state be- 
yond a certain critical potential. 

In our previous work (1) the anodic oxide film on tita- 
n ium was e x a m i n e d  with respec t  to the  film th ickness-  
potent ia l  relat ion,  polar izat ion curve, and surface mor- 
phology in solutions of sulfuric acid, hydrochlor ic  acid, 
and sodium phosphate.  In the work, it was found that a 
k ind  of b r e a k d o w n  of the  film occur red  at a cri t ical  po- 
tent ia l  of  7.5V. In the potent ia l  region more  nega t ive  
than the breakdown potential,  E,,, the film grew linearly 
wi th  potent ia l  at a th ickness -po ten t ia l  ratio of about  2.5 
nmV- ' ,  while, in the potential  region more posit ive than 
Eb, the film th ickness  increased  at a h igher  ratio, g iving 
rise to surface roughening.  

In this paper  the anodic  oxide  film is fur ther  s tudied 
by in s i tu  Raman  scat ter ing spec t roscopy  to check  its 
compos i t ion .  In s i tu Raman  spec t roscopy  is one of the  
p romis ing  me thods  for checking  the compos i t ion  of 
e lectrode surface layers (2, 3). For some special e lectrode 
systems, such as silver with pyridine absorbers,  surface- 
enhanced  Raman scat ter ing  (SERS) can be used. With 
the present  t i tanium electrodes, the SERS effect cannot 
be expected  to occur and, therefore, normal  Raman scat- 
tering spectroscopy,  which is not sensit ive enough to de- 
tect  a surface oxide layer as thin as 10 nm, has to be used. 
In this paper, applicat ion of normal Raman spectroscopy 
to anodic surface oxide films on t i tanium is discussed in 
terms of the composi t ion and crystall inity of the films. 

Experimental 
The Raman  spec t rome te r  used was a t r iple  type of 

monochroma to r ,  JASCO R-800T, and exc i ta t ion  was 
made by a single line of 514.5 nm wavelength  of an argon 
ion laser, NEC M-GLS 3200. The incidence power of the 
l ine was about  300 mW. The in tens i ty  of  the scat ter ing 
l ight  was de tec ted  by a pho tomul t ip l i e r  and a pho ton  
counter.  

F igure  1 shows the expe r imen ta l  cy l indr ica l  cell  for 
the Raman  spec t roscopic  measu remen t s  of e lectrodes.  
In the cell, the  Luggin  tube  leading to a re ference  elec- 
t rode  Ag/AgC1, and the coun te re lec t rode  of a p la t inum 
plate were  inserted.  The work ing  e lec t rode  of t i t an ium 
was fixed at the center  of the cell, facing an optical  
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window at a distance about 5 mm. The laser light for ex- 
ci tat ion was polarized in the parallel direct ion to the inci- 
dence  plane and its inc idence  angle was about  50 ~ . The 
Raman  scat ter ing l ight  was col lec ted  in the inc idence  
plane in a direction at about 70 ~ to the incidence light. 

The electrolytes used were 0.1 tool dm -~ aqueous  phos- 
phate buffer solution at pH 6.9 and 0.1 mol dm -3 aqueous 
sulfuric acid solution, which were prepared from doubly 
dis t i l led water  and analyt ical  grade reagents.  The elec- 
trolytes were bubbled by purified ni t rogen gas for more 
than 24h before being introduced into the cell for experi-  
ments.  The pre t rea tment  of the t i tanium electrode (99.9% 
pure) was the same as that described in our previous pa- 
per (1). 

Results 
Figure  2 shows in situ Raman spectra of the anodic ox- 

ide films formed on t i tanium by lh  oxidat ion at constant  
potent ia l  at 5.60V and 10.60V vs. RHE in neut ra l  phos- 
phate solution of pH 6.9. During these Rarnan scattering 

R.E~ 

Raman / 
Scat ter ing. . :  
L i g h t ~  Sat, KCI Soln, 

L IC'E' (P I )  
h (~o+_Av) aser Light 

hvo 
Fig. 1. Electrochemical cell for Raman spectroscopic measurements 

of the electrode surface layer. 
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Fig. 2. In situ Raman spectra of the anodic oxide films formed on tita- 
nium at constant potentials in 0.1 mol dm -3 neutral phosphate solution. 
The spectra were measured under the potentiostatic condition at 1.60V 
vs. RIlE after the specimen was anodically oxidized for lh at constant 
potential. The bandpass of the spectrometer was about 5 cm 1. 

m e a s u r e m e n t s ,  t h e  t i t a n i u m  e l e c t r o d e s  t h a t  h a d  b e e n  ox- 
id i zed  for  l h  a t  t h e  a b o v e  p o t e n t i a l s  w e r e  k e p t  a t  a con-  
s t a n t  p o t e n t i a l  o f  1.60V to  a v o i d  e v o l u t i o n  o f  o x y g e n  
b u b b l e s ,  w h i c h  p r e v e n t s  a c c u r a t e  o p t i c a l  m e a s u r e m e n t s  
of  t h e  e l e c t r o d e  s u r f a c e  a t  p o t e n t i a l s  h i g h e r  t h a n  4V. T h e  
R a m a n  s p e c t r a  of  t h e  a n o d i c  o x i d e  f i lms  f o r m e d  in  0.1 
too l  c m  -3 s u l f u r i c  ac id  w e r e  a l so  m e a s u r e d  a n d  t h e  re- 
s u l t s  a re  g i v e n  in  Fig.  3. I n  Fig.  2 a n d  3, f o u r  R a m a n  
p e a k s  a r e  s e e n  at  R a m a n  s h i f t s  of  145 ,400 ,515 ,  a n d  640 
c m - ' .  I n  T a b l e  I, c o m p a r i s o n  is m a d e  b e t w e e n  t h e  R a m a n  
s p e c t r a  m e a s u r e d  in  t h i s  w o r k  a n d  t h o s e  f o u n d  in  l i te ra-  
t u r e  (4-7) for  v a r i o u s  t i t a n i u m  ox i de s .  F r o m  T a b l e  I, t h e  
a n o d i c  o x i d e  f i lm is i d e n t i f i e d  w i t h  a n  a n a t a s e  t y p e  of  
TiO2. In  s i t u  R a m a n  s p e c t r o s c o p i c  m e a s u r e m e n t s  w e r e  

Ti / 0,1 M H2S04 
Potentiostatic Oxid ation / 

, = , h  L ' ' 

0.5) 

r O 0  s -I 
i 

o o  600 4 0 200  

Roman Shi f t ,  A~, /  cm -t 

Fig. 3. In situ Raman spectra of the anodic oxide films formed on tita- 
nium at constant potential in 0.1 mol dm -3 sulfuric acid solution. The 
spectra were measured under the potentiostatic condition at 1.60V vs. 
RIlE after the specimen was anodically oxidized for lh at constant po- 
tential. The bandpass of the spectrometer was about 5 cm 1. 
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Table I. Peak position of Raman bands for various titanium oxides 

Reference 

TiO2 (anatase) 
144(s), 197(w), 399(m), 513(m) (4) 
519(m), 639(m) 

TiO2 (rutile) 
143(m), 447(m), 612(s), 826(w) (5) (6) 

Ti203 
239(m), 279(s), 350(m), 465(w) (7) 
513(w), 567(w) 

Anodic oxide film 
145(s), 400(m), 515(m), 640(m) Present  work 

s:strong, m:medium, w:weak. 

a lso  m a d e  for  t h e  a n o d i c  o x i d e  f i lms f o r m e d  at  p o t e n t i a l s  
m o r e  n e g a t i v e  t h a n  7V in  t h e  p h o s p h a t e  a n d  su l fu r i c  ac id  
s o l u t i o n s ,  b u t  n o  d e f i n i t e  p e a k s  w e r e  d e t e c t e d  o n  t h e  
spec t r a ,  w h e r e  on ly  t h e  w e a k  R a m a n  b a n d s  c o r r e s p o n d -  
i n g  to t h e  a q u e o u s  s o l u t i o n s  w e r e  o b s e r v e d  as a b a c k -  
g r o u n d .  

T h e  e x  s i t u  m e a s u r e m e n t s  of  t h e  R a m a n  s p e c t r a  in  a i r  
w e r e  c o n d u c t e d  a f t e r  t h e  a n o d i c  o x i d a t i o n  a n d  t h e  re- 
s u l t s  w e r e  c o m p a r e d  w i t h  t h e  in  s i t u  s p e c t r a .  F i g u r e s  4 
a n d  5 s h o w  t h e  s p e c t r a  t h u s  o b t a i n e d  for  t h e  a n o d i c  ox- 
ide  f i lm f o r m e d  a t  p o t e n t i a l s  l o w e r  t h a n  8V a n d  at  p o t e n -  
t i a l s  h i g h e r  t h a n  8V, r e s p e c t i v e l y .  F o r  t h e  o x i d e  f o r m e d  
at  p o t e n t i a l s  h i g h e r  t h a n  8V four  r e l a t i v e l y  i n t e n s e  p e a k s  
a re  s e e n  in  Fig.  5, a n d  t h e  p e a k  i n t e n s i t y  b e c o m e s  
sma l l e r ,  t h e  l o w e r  t h e  po t en t i a l .  

F o r  t h e  o x i d e  f o r m e d  a t  2.6V t h e  f o u r  R a m a n  b a n d s  
c o r r e s p o n d i n g  to t h e  a n a t a s e  t y p e  of  TiO2 are  n o t  d i s t in -  
g u i s h a b l e  o n  t h e  s p e c t r u m  w h e r e  o n l y  t h e  R a m a n  b a n d s  
c o r r e s p o n d i n g  to a i r  a n d  to op t i ca l  e l e m e n t s  s u c h  as con-  
d e n s e r  l e n s e s  a re  o b s e r v e d .  T h e  e x  s i t u  s p e c t r a  o f  t h e  
a n o d i c  o x i d e  f i lm f o r m e d  in  s u l f u r i c  a c i d  s o l u t i o n  w e r e  
a l so  m e a s u r e d  a n d  r e s u l t s  s i m i l a r  to  Fig.  4 a n d  5 w e r e  
o b t a i n e d .  

Discuss ion  
T h e  i n t e n s i t y  of  R a m a n  b a n d s  of  a t h i n  t r a n s p a r e n t  ox- 

ide  f i lm on  a m e t a l  su r f ace  is s u p p o s e d  to b e  a l m o s t  pro-  
p o r t i o n a l  to  t h e  t h i c k n e s s  of  t h e  film. In  Fig. 6, c o m p a r i -  
s o n  is m a d e  b e t w e e n  t h e  i n t e n s i t y  of  t h e  R a m a n  p e a k  at  
I v  = 145 c m - '  a n d  t h e  f i lm t h i c k n e s s  f o u n d  in  t h e  p rev i -  
ous  w o r k  (1), w h e r e  t h e  p e a k  h e i g h t  as t h e  i n t e n s i t y  a n d  

TI /Oxide Fi lm, Air 
Anodlc Oxidation / 

Phosphate Soln., pH 6.9 / 
Potentiostatic Oxidation / 

t = Ih  2 6 V / ' / "  

' fS.SV 

20 s -r 
i 

(xO.4) 

X Hxo.4) 

/ 

00 6 0 400 200 
Roman Shift , A ~ / c m  -r 

Fig. 4. Ex situ Raman spectra of the anodic oxide films formed on ti- 
tanium at constant potential for lh in 0.1 mol dm -3 neutral phosphate 
solution. The bandpass of the spectrometer was about 10 cm-L 
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Ti/Oxide Film, Air 
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Potentiostatic Oxid,ation/' 8.6V II  ,oih ; , / /  

\Itft  I 
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o.I) 

I I I L I I f I 

800 600 400 200 
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Fig. 5. Ex situ Raman spectra of the anodic oxide films formed on ti- 
tanium at constant potential for lh in 0.1 mol dm -3 neutral phosphate 
solution. The bandpass of the spectrometer was about 10 cm 1. 

t he  t h i c k n e s s  are  p l o t t e d  aga in s t  po t en t i a l .  T h e  da ta  of  
Fig. 6 for the  R a m a n  peak  he igh t  are based  on the  resul t s  
s h o w n  in Fig.  4 and  5. T h e  p e a k  he igh t ,  e s t i m a t e d  in 
c o u n t s / s  f r o m  s u b t r a c t i n g  t h e  b a c k g r o u n d  l eve l  of  t he  
s p e c t r u m ,  is r e p r o d u c i b l e  w i t h i n  an  e r ror  l imi t  of  abou t  
20% at each  m e a s u r e m e n t .  The  R a m a n  peak  beg ins  to ap- 
pea r  at abou t  4V, and  its i n t ens i ty  inc reases  wi th  po ten-  
tial.  A t  a p o t e n t i a l  of  4V, a l t h o u g h  t h e  f i lm t h i c k n e s s  is 
abou t  13 nm,  no def in i te  R a m a n  bands  are  obse rved .  This  
sugges t s  tha t  the  R a m a n  in t ens i ty  of  t he  ox ide  fi lm is de- 
t e r m i n e d  no t  only  by its t h i c k n e s s  bu t  also by o the r  fac- 
tors .  We b e l i e v e  tha t  one  of  t h e s e  f ac to r s  is t h e  
c rys ta l l in i ty  of  the  ox ide  film. The  ox ide  film appear s  to 
c h a n g e  f r o m  an a m o r p h o u s  to a c r y s t a l l i n e  s ta te  as t h e  
po t en t i a l  e x c e e d s  a cer ta in  value.  The  a m o r p h o u s  na tu re  

I I I I I I 

Ti/Phosphate Soln., pH 6.9 / 
Potentiostatic Oxidat ion/  

40 t= I 

E 
.?. so 

~,2o % 
.- 3 %  

~- . ~  I (145 cm -I ) - - ~  FIO I ( 1 4 5 . ~ /  
__E 2 . 
LL 

O -  f ~_ 

~ o  ~ ~  ~_ 
- - - 0  0 

~ I I I I 1 

0 2 4 6 8 I0 2 
Potential, E/V vs. RHE 

Fig. 6. Film thickness and Raman peak height at hv = 150 cm i as a 
function of potential. The film thickness data were referred to the pre- 
vious work (1). 

of  so l id  c o m p o u n d s  b r i n g s  a b o u t  R a m a n  bands ,  w h i c h  
are  b r o a d e r  t h a n  those  of  the  c rys ta l l ine  c o m p o u n d s ,  and  
thus  resul t s  in the  loss of  peak  sharpness .  

F i g u r e  7 s h o w s  t h e  su r f ace  m o r p h o l o g y  o b s e r v e d  by  
e l e c t r o n  m i c r o s c o p y  u s i n g  a r ep l i c a  t e c h n i q u e .  In  t he  
low po ten t i a l  region,  t he  sur face  exh ib i t s  a s imi la r  mor-  
p h o l o g y  to t h a t  of  t he  p o l i s h e d  sur face .  W h e n  t h e  t i ta-  
n i u m  e l ec t rode  is ox id i zed  at 5.6V, a c ra te r - l ike  pa t t e rn  is 
o b s e r v e d  wi th  each  c ra te r  hav ing  a d i a m e t e r  abou t  3 ~m. 
W h e n  t h e  t i t a n i u m  e l e c t r o d e  is o x i d i z e d  at p o t e n t i a l s  
m o r e  pos i t ive  than  10V, a r ipp le - l ike  pa t t e rn  appea r s  on 
t h e  e l e c t r o d e  sur face .  The  c h a n g e  of  t h e  su r f ace  mor -  

Fig. 7. Electron microscopic ap- 
pearance of the surface of ti- 
tanium covered with the anodic 
oxide film. The oxidation was 
made potentiostatically for lh in 
0.1 mol dm -3 neutral phosphate 
solution. 
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p h o l o g y  is c o n s i d e r e d  to re f lec t  t he  c h a n g e  f r o m  amor-  
p h o u s  to c r y s t a l l i n e  n a t u r e  of  t h e  film, as d i s c u s s e d  in 
t he  p r ev ious  w o r k  (1). Here,  we no t ice  tha t  the  po ten t i a l  
w h e r e  t he  R a m a n  b a n d s  b e g i n s  to a p p e a r  is c l o se ly  re- 
la ted  to a po ten t ia l  w h e r e  t he  c ra te r - l ike  m o r p h o l o g y  be- 
gins  to be  observed ,  and tha t  the  ox ide  fi lm tha t  exh ib i t s  
t h e  r i p p l e - l i k e  m o r p h o l o g y  p r o v i d e s  t he  s t r o n g  R a m a n  
b a n d s  of  t he  a n a t a s e  t y p e  of  TiO2. Th is  i d e n t i f i c a t i o n  of  
t he  fi lm c o m p o s i t i o n  is in a g r e e m e n t  w i th  the  resul t s  of  
e l e c t r o n  d i f f r a c t i o n  m e a s u r e m e n t s  c o n d u c t e d  by  B lon-  
d e a u  et al. (8), a l t h o u g h  t h e  p o t e n t i a l  r e g i o n  is d i f f e r e n t  
f r o m  our  p o t e n t i a l  reg ion .  T h e y  d e t e c t e d  a d i f f r a c t i o n  
pa t t e rn  c o r r e s p o n d i n g  to the  ana tase  TiO~ for the  anod ic  
o x i d e  f i lm f o r m e d  at p o t e n t i a l s  m o r e  p o s i t i v e  t h a n  50V 
for a m u c h  shor te r  t i m e  than  tha t  in our  e x p e r i m e n t s  and 
a d i f f rac t ion  pa t t e rn  c o r r e s p o n d i n g  to a q u a s i a m o r p h o u s  
s t ruc tu re  at m o r e  nega t i ve  potent ia ls .  

Conclusion 
From Raman spectroscopy measurements of anodic 

oxide films on titanium, the following conclusions may 
be drawn. (i) The anodic oxide film on titanium is pri- 
marily composed of an anatase type TiO2. (ii) The inten- 
sity of the Raman band is not directly related to film 
thickness, and it is suggested that the nature of the film 
changes from the amorphous to the crystalline oxide as 
the potential exceeds a certain value. This change is also 
accompanied by a change in surface morphology. 
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Corrosion-Related Aspects of the Chemistry and Frequency of 
Occurrence of Precipitation 

T. E. Graedel 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

A B S T R A C T  

Surfaces  exposed  to the  a tmosphe re  rece ive  water  in several  forms:  adsorp t ion  of  wa te r  vapor,  condensa t ion  of  dew 
and fog, and depos i t ion  of rain and snow. The natural  deter iora t ion of  we t ted  mater ia ls  is enhanced  by the  cor rodents  con- 
t a ined  in the  wa te r  as wel l  as by gaseous  m o l e c u l e s  s u b s e q u e n t l y  i n c o r p o r a t e d  into the  water .  This  pape r  r ev i ews  the  
chemis t ry  of  the  di f ferent  a tmospher ic  prec ip i ta t ion  forms,  combines  those  data wi th  typical  annual  dura t ions  of  the  pre- 
c ipi ta t ion forms in four  cities (Albuquerque ,  Los Angeles ,  Minneapol is-St .  Paul ,  and N e w  York), and deduces  the  contri-  
bu t ion  of each  precipi ta t ion form to annual  exposures  of  mater ia ls  surfaces to corrodents .  A l imi ted  assessment  for indoor  
co r roden t  gases is also included.  A m o n g  the results  of  interes t  are that  the  ni t ra te  exposu re  of  surfaces appears  to be pre- 
dominan t ly  due  to gaseous deposi t ion,  that  depos i t ion  of  organic  cor rodents  is as h igh  or  h igher  indoors  than  it is outside,  
that  mater ia ls  exposu re  to the sulfate ion may  occur  more  f rom dew than  f rom other  forms of  precipi tat ion,  and that  unde r  
s o m e  c i rcumstances  fog, rain, and perhaps  snow can cont r ibu te  substant ia l  fract ions of  cor roden t  exposu re  burdens .  

I t  is we l l  e s t a b l i s h e d  tha t  m a t e r i a l s  of  m a n y  d i f f e r e n t  
k inds  are d e g r a d e d  u p o n  e x p o s u r e  to the  a tmosphe re .  I t  
is less  o b v i o u s  h o w  tha t  d e g r a d a t i o n  t akes  p l ace  and  
w h a t  f o r m s  of  a t m o s p h e r i c  i m p a c t s  p lay  the  p r i n c i p a l  
ro les .  Th is  u n c e r t a i n t y  r e su l t s  f r o m  t h e  w i d e  r a n g e s  in 
f r e q u e n c y  of  o c c u r r e n c e  of  a t m o s p h e r i c  p h e n o m e n a ,  as 
we l l  as subs tan t i a l  chemica l  d ivers i ty  a m o n g  those  phe-  
n o m e n a  w h e n  t h e y  do occur .  

A c o m m o n  t h r e a d  in t he  s eve ra l  a t m o s p h e r i c  pro-  
ce s se s  tha t  d e g r a d e  m a t e r i a l s  is t ha t  t he  p r o c e s s e s  are  
m a r k e d l y  a c c e l e r a t e d  by  w a t e r  (1). Th is  w a t e r  m a y  be  
p r o v i d e d  by any of  the  severa l  fo rms  of  p rec ip i t a t ion  or 
by the  a d s o r p t i o n  of  wa te r  vapo r  du r ing  pe r iods  of  m o d -  
e ra te  to h igh  h u m i d i t y  (2). In  the  fo rmer  case,  the  wa te r  
b r ings  wi th  it  any  co r roden t s  tha t  m a y  be  p r e sen t  in pre-  
c ip i ta t ion .  In  bo th  the  fo rmer  and la t ter  cases  gas phase  
c o r r o d e n t s  m a y  b e c o m e  i n c o r p o r a t e d  in to  w a t e r  t ha t  is 
p r e s e n t  at the  sur faces  of  t he  mater ia ls .  

The  p u r p o s e  of  the  p r e sen t  s tudy  is to c o m p a r e  the  ex-  
posu re s  of  mate r ia l s  to co r roden t s  f rom six sources :  dew, 
fog,  ra in ,  snow,  ga seous  m o l e c u l e s  in o u t d o o r  air, and  
ga seous  m o l e c u l e s  in i ndoor  air. The  first s tep in do ing  so 
is to r e v i e w  the  f r e q u e n c y  of  o c c u r r e n c e  of  t he  me teoro -  

log ica l  p h e n o m e n a ,  as s u m m a r i z e d  in Tab le  I. The re  are, 
of  course ,  w i d e  r a n g e s  of  m o i s t u r e  d e p o s i t i o n  a m o u n t  
a n d  of  t h e  d u r a t i o n  of  t he  a t m o s p h e r i c  p roce s se s .  I t  is 
w o r t h  n o t i n g  in Tab l e  I t ha t  d e w  and  fog  t y p i c a l l y  de- 
pos i t  s imi la r  a m o u n t s  of  m o i s t u r e  to a surface,  as do rain 
and s n o w  (in c l ima tes  w h e r e  bo th  occur).  

P r e c i p i t a t i o n  con t a in s  a n u m b e r  of  t r ace  c o n s t i t u e n t s  
w h i c h  h a v e  t h e  p o t e n t i a l  to p r o d u c e  m a t e r i a l s  d e g r a d a -  
t ion.  Pa r t ly  because  of  the i r  k n o w n  in t e rac t ions  wi th  ma- 
ter ia ls  and  par t ly  because  of  the  ava i lab i l i ty  of  suff ic ient  

Table I. Occurrence of atmospheric phenomena 
at mid-latitude North American sites 

Annual moisture Annual duration 
deposition (mm) (h) 

Typical Typical 
Phenomenon Range value Range value References 

Dew 0-100 30 0-1500 750 (3-7) 
Fog 0-40 25 0-150 60 (7), (8) 
Rain 30-6500 700 10-3000 300 (9) 
Snow 0-9000 750 0-3000 300 (9) 
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