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ABSTRACT 

An invest igat ion was made  of the  photoelec t rochemical  p roper t ies  of sev-  
eral  po lycrys ta l l ine  meta l  oxide electrodes p repa red  by  chemical  vapor  depos i -  
tion, d i rec t  oxidat ion  of the  metal ,  or heat ing of sui table  meta l  sal t  solutions. 
F u r t h e r  da ta  a re  given on the behavior  of the  p rev ious ly  discussed TiO2 and 
Fe208 electrodes including tunnel ing effects and the opera t ion  of the  F e 2 Q  in 
a solar  cell.  Other  n - t y p e  mate r ia l s  s tudied were  V205, WO~, and PbO. WOa 
and PbO showed good anodic photocur ren ts  bu t  only WO~ appea red  stable.  
Bi203 showed both n-  and p - t y p e  photocurrents ,  but  had  a poor s tabi l i ty .  
CuO produced a good cathodic photocur ren t  ( indicat ing p - t y p e  behavior)  wi th  
a photoresponse at  wavelengths  of 700 nm arid below. Two other  oxides, Cr~O~ 
and CoO, exh ib i ted  smal l  p - t y p e  photoeffects. 

Recent  research  on photosensi t ized react ions  at  
semiconductor  electrodes,  a imed toward  the photode-  
composi t ion of wa te r  and the construct ion of photo-  
galvanic  cells for  use in solar  energy  conversion de-  
vices, has p rompted  invest igat ions  of new elect rode 
mater ia ls .  Su i tab le  e lectrodes should be easi ly p re -  
pa red  and inexpensive,  show stable  behavior  in use 
over  long t ime per iods  of operat ion,  and have  a smal l  
bandgap  (Eg) to a l low efficient u t i l iza t ion of the solar  
energy  spect rum.  Most invest igat ions  to date  have 
cen te red  upon the more  fami l ia r  semiconductor  com- 
pounds,  e.g., Si, GaAs, GaP, ZnO, CdS, and TiO2, usu-  
a l ly  in the form of single crystals .  S table  electrodes,  
such as TiO2, a re  la rge  bandgap  mate r ia l s  (Eg --~ 3 
eV),  whi le  mate r ia l s  wi th  smal le r  gaps, e.g., Si and 
CdS, tend to be unstable .  Moreover,  the high cost and 
difficulty of obta ining single crysta ls  of other  com- 
pounds  have l imi ted  invest igat ions  of o ther  mater ia ls .  
Recently,  po lycrys ta l l ine  semiconductors,  prepared ,  
for example ,  by  chemical  vapor  deposit ion,  have been 
shown to be sui table  e lect rode mate r ia l s  and to be-  
have  s imi la r ly  to single c rys ta l  e lectrodes (1, 2). The 
use of po lycrys ta l l ine  mate r i a l s  a l lows inves t igat ion 
of a wide r  r ange  of compounds and is also of in teres t  
in any  pract ica l  u t i l iza t ion  of semiconductor  electrodes.  
We descr ibe  here  the  photoe lec t rochemical  behavior  
of a number  of semiconduct ing oxides p repa red  in 
po lycrys ta l l ine  form. F u r t h e r  detai ls  are  given on the 
na tu re  and behavior  of po lycrys ta l l ine  TiO2 and Fe20~, 
which we discussed prev ious ly  (1, 2). Other  oxides 
that  show photoe]ect rochemical  effects are  Bi203, WO~, 
PbO2, V20~, and CuO. Severa l  o ther  po lycrys ta l l ine  
oxides, i.e., CdO, MnO2, and SrO exhib i ted  l i t t le  or no 
photoeffects. 

Experimental 
Severa l  different  methods of p repa ra t ion  of the 

po lycrys ta l l ine  electrodes were  employed (Table  I ) .  
The chemical  vapor  deposi t ion (CVD) (TiO2, Fe203, 
V205, WO3, CdO, Cr203, MnO2) fol lowed the proce-  
dure  out l ined prev ious ly  (1,2) .  The corresponding 
ace ty lace tona te  served  as the  vapor  source, except  for  
W and Ti where  WC16 and Ti(O2CzH~)4 were  used. 
P t - fo i l  subs t ra tes  were  employed for all  electrodes.  
Oxides could also be p repa red  by  direct  oxida t ion  of 
the  metal .  Thus Bi~O3 and lead  oxide electrodes were  
p repa red  by  mel t ing  the meta l  and a l lowing a surface 
film to form by  air  oxidat ion,  at  ca. 450~ Final ly ,  

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p h o t o e l e c t r o c h e m i s t r y ,  s o l a r  ce l l s ,  p h o t o v o l t a i c  ce l l s ,  

semiconductors .  

oxide films were  formed by  pa in t ing  a sui table  salt  
solut ion on Pt  foil  and then hea t ing  in a flame. Elec-  
t rodes of WOa, CuO, manganese  oxide, CdO, Cr2Oa, 
and SrO were  p roduced  in  this  manner .  Al l  P t  sub-  
s t ra te  electrodes had a copper  wire  a t tached to the 
back  of the Pt  foil wi th  ind ium solder  and were  then  
sealed in a glass tube  wi th  Apiezon wax  or sil icone 
rubbe r  (Dow Corning) .  

The single crysta l  V2Q was generous ly  donated  by  
Professor  A. B. Scott  of Oregon Sta te  Universi ty .  A 
0.3 cm 2 piece was used wi th  two Ag pa in t  (Ernest  
Ful lam,  Incorporated,  Schenectady,  New York)  con- 
tacts and was mounted  in si l icone rubber .  The cu r r en t -  
vol tage response be tween  the two contacts  indica ted  
ohmic behavior .  The hemat i te  was obta ined f rom 
David New-Minera l s  (Stevensvi l le ,  Montana) .  Con- 
tact  was made  to an app rox ima te ly  0.5-1 cm th ick  
sample  wi th  Ag paint .  

X - r a y  diffraction was done on a Genera l  Electr ic  
XRD-6 diffractometer .  A Joel, Incorpora ted  (Tokyo, 
Japan)  scanning e lect ron microscope was used for ex-  
amining the e lect rode surfaces. Al l  e lect rochemical  
measurements  were  pe r fo rmed  with  buffered Na2SO4 

Table I. Preparation and properties of materials used in this study 

Sub-  P r e p a -  
s t a n c e  r a t i o n *  T y p e  Eg* * Vfb* * * P h o t o c u r r e n t ~  

TiO~ C V D  n 3.0 0 5 ( i )  Good ,  s t a b l e  
Fe~O3 C V D  n 2 2  - 0 . 1 ( i i )  Good ,  s t a b l e  

SE n 2 2 --0.1 ( i i )  
V~O~ C V D  n 2.75 + 0.54 ( i )  P o o r ,  unstable  

X T A L  n 2.75 + 0 80 ( i )  
W O z  C V D  n 2.6 - 0 . 4 ( i i )  G o o d ,  s t a b l e  

SE n 2.6 - 0 . 2 ( i i )  G o o d ,  s t a b l e  
D O M  n 2.6 - 0 . 2 5 ( i i )  G o o d ,  unstable  

Bi2Oa D O M  n 2.8 - 0 . 0 8 ( i i )  G o o d ,  u n s t a b l e  
p 2.8 F a i r ,  unstable  

P b O  D O M  n 2.8 - 0 . 3  ( i i )  G o o d ,  u n s t a b l e  
C u O  SE p 1.7 +0 .3  ( i )  G o o d ,  u n s t a b l e  
Cr~O3 C V D  p u n k n o w n  - -  P o o r ,  u n s t a b l e  

SE 
CoO C V D  p u n k n o w n  - -  P o o r ,  unstable  

9E 
C d O  C V D  - -  - -  - -  None  

SE 
MnO2 C V D  - -  - -  - -  N o n e  

SE 
S r O  SE - -  - -  - -  None  

* C V D  = c h e m i c a l  v a p o r  d e p o s i t i o n ,  SE = e v a p o r a t i o n  o f  
s o l u t i o n  on  s u b s t r a t e ,  D O M  = d i r e c t  o x i d a t i o n  of  m e t a l .  

**.E~ i s  e s t i m a t e d  f r o m  t h e  w a v e l e n g t h  of  the onset  of the 
p h o t o c u r r e n t .  

*** ( i )  p H  of  7, v a l u e  e s t i m a t e d  f r o m  p o t e n t i a l  o f  o n s e t  of 
p h o t o c u r r e n t ;  ( i i )  p H  of 9 ( V  vs .  S C E ) .  

t G o o d ,  f a i r ,  a n d  p o o r  r e f e r  t o  r e l a t i v e  m a g n i t u d e  of  p h o t o -  
c u r r e n t .  
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solutions. A simple H-cell  with separate auxi l iary and 
working compartments  and with a Pyrex  window was 
used. A saturated calomel (SCE) was the reference 
electrode. Electrochemical equipment  consisted of a 
Pr inceton Applied Research (PAR) Model 173 po- 
tentiostat, a PAR Model 175 universal  programmer,  
and a Houston Ins t ruments  (Austin, Texas) Model 
2000 omnigraphic X-Y recorder. I l luminat ion  was done 
with either the full  output  of a 450-W xenon lamp 
(Oriel Corporation, Stamford, Connecticut) or the out-  
put of a Model 7240 grat ing monochromator  (Oriel 
Corporation).  Absolute light intensi ty  measurements  
were made using an E,G&G Model 550 Radiometer 
(EG&G, Incorporated, Salem, Massachusetts). The 
current  vs.  wavelength curves were corrected for in -  
tensi ty variat ions by normal iz ing the spectral output 
of the lamp-monochromator  system to 470 nm and us- 
ing the resulting, values to correct the measured pho- 
tocurrent  curves, shown by dotted i-?, curves. 

Results and Discussion 
T i t a n i u m  d i o x i d e . - - A s  reported earlier (1), the cur-  

rent  (i) vs. potential  (E) curves for a CVD TiO2 elec- 
trode are quite similar to those of single crystal rutile. 
Typical i -E  and i vs. wavelength (k) curves for a 
CVD TiO2 electrode are shown in Fig. 1. Examinat ion  
of the CVD electrode surface with a scanning electron 
microscope ( S E M ) r e v e a l s  a uniform, smooth surface 
of polycrystal l ine material  (Fig. 2). There are no grain 

d a r k  I 
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POTENTIAL (V vs SCE) 

Fig. 1. (a) Current vs. potential carve for CVD Ti02, 0.5M KCI, 
in dark and illuminated with Xe lamp. (b) Current vs. wavelength 
curve under same conditions, E = +0.800V vs. SCE. 

boundaries  visible, but  there are numerous  cracks 
across the surface which range up to 1000A wide. 
These cracks probably form dur ing  the high temper-  
ature t rea tment  the electrode is subjected to dur ing 
preparation.  An edge view of the surface, accom- 
plished by cutt ing the electrode and polishing the edge, 
reveals layers of oxide corresponding roughly to the 
different deposition (3-5 layers) .  The cracks are vis- 
ible along the surface but  none appear to penetrate  
directly to the substrate. From this edge view, the 
total thickness of the oxide layer was measured as 
about 40 ~m. 

X- ray  diffraction pat terns  of the CVD TiO2 elec- 
trode were typical powder pat terns indicat ing poly- 
crystal l ine mater ia l  p r imar i ly  in the rut i le  form of 
TiO2. A small percentage (--~ I0%) of anatase was 
also present. X- ray  diffraction of an electrode that  only 
had one coat of oxide deposited at about 150~ but  
which was not heated further,  revealed a pat tern  that  
was totally anatase. This electrode showed only a very 
low photocurrent.  Thus the high temperature  t reat -  
ment  is necessary not only to prevent  flaking between 
coats and allow thicker coats to be deposited, but  also 
to convert  the film into the photoresponsive rut i le  form 
of TiO~. 

The thickness of the film on the electrodes affects 
the shape and magni tude  of the photocurrent  vs. po- 
tential  curve. In  Fig. 3 are given curves for several 
CVD TiO2 electrodes prepared with increasing relat ive 
thicknesses (by depositing successive coats). As the 
film becomes thicker, the shape of the curve becomes 
more typical of a single crystal n - type  semiconductor, 
exhibi t ing a sharper current  rise and a more well-  
defined plateau. The effect of thickness on curve shape 
might  be explained by the increasing absorbance of 
light in the space charge region (3). Alternately,  the 
extent of recombinat ion of electrons and holes might  
decrease with thickness as a more homogeneous film 
forms. The current  vs. wavelength curves were similar 
for all of the electrodes. 

The quan tum efficiency of the CVD TiO2 electrode 
is quite high in the plateau region. Typically, the 
quantum efficiency is ~ 60% at the wavelength of 
maximum response (ca. 335 nm). Variations in the 
quantum efficiency from one .electrode to another can 
be ascribed to variations in the thickness, as described 
above, and in the percentage of rutile actually present 
in the electrode. 

As reported previously (1), at potentials of about 
2.0V vs. SCE in  neut ra l  solutions (and at more nega-  

Fig. 2. Scanning electron micrograph of surface of CVD Ti02. 
Magnification is 600X.  

6•ma/cm 2 

0 6  0.0 - 6 

POTENTIAL [V vs SCEI 

Fig. 3. Current vs. potential curves for CVD Ti02 with varying 
relative thickness of film: (a) one 1 min coat, (b) two 2 rain 
coats, (c) four 2 min coats. 
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tive potentials at higher pH values) ,  a large anodic 
current  rise is observed in the dark for the CVD TiO~ 
electrodes (Fig. 4a). Vigorous gas evolution is ob- 
served on the electrode surface. This current  is a t t r ib-  
uted to tunne l ing  of electrons from solution through 
the space charge region and into the conduction band. 
The nar row space charge region which is necessary 
for this tunne l ing  is the result  of the high doping 
level in the CVD TiO2 electrode. For a single crystal 
electrode, appreciable anodic currents  are usual ly  not 
observed unt i l  potentials > 3V vs. SCE (16), depend-  
ing, again, upon the doping level. The higher  doping 
level in  the CVD TiOe is the result  of the more 
homogeneous reduct ion possible with th in  films. The 
influence of a t i t an ium substrate on the doping is ap- 
parent ly  minimal ,  since similar effects are obtained 
with Pt  substrates. 

Addit ion of I -  to the solution produces a shoulder 
on the dark anodic current  rise (Fig. 4b and c) with 
a height proport ional  to the concentrat ion of I - .  The 
current  is due to the oxidation of the I - ,  and is simi- 
lar  to that observed on highly doped ZnO (6). The 
redox level of I -  lies nearer  the flatband potential  
than the H20/Oe level does. Thus the I -  is located 
where a nar rower  part  of the space charge exists and 
electrons will tunne l  at lower potentials,  producing 
the observed curve. Addit ion of B r -  to the solution 
instead of I -  produced no noticeable addit ion to the 
tunne l ing  current,  since its level is near  that of the 
H20/O2 potential.  

The behavior of CVD TiO2 is fair ly typical of an 
n - type  semiconductor, with low anodic dark currents 
and well-defined anodic photocurrent  plateaus. Be- 
cause of the ease of doping of the thin films, they ex- 
hibit  tunne l ing  effects usual ly seen only at highly 
doped single crystal electrodes. With these properties, 
as well as its stability, CVD T i Q  is useful as a com- 
parison electrode in examining the behavior  of the 
other oxide electrodes investigated in this study. 

Iron ox ide . - -We  have previously shown that  i ron 
oxide shows a good photoelectrochemical response at 
longer wavelengths in the visible region than that of 
TiO2 (2). In  that study we assumed, from the wave-  
length for the onset of the photocurrent,  that the band-  
gap was about 2.2 eV, and from the procedure used 
in  fabrication, that  the oxide was Fe203. We have now 
examined the mater ia l  with x - ray  diffraction and a 
SEM. The results show that the film is pr imar i ly  a- 
Fe203 (hemati te) ,  with a small  amount  of ~-Fe2Os 

POTENTIAL (V vs SCE) 
Fig. 4. Current vs. patential curves far CVD Ti02 with additian 

of I - :  (a) 0.SM Na2SO4 (b) 0.SM Na2SO4 + 3.8 mM Nal, (c) 
0.SM Na2SO4-f-7.5 mM Nal. / ? ~ /  , , \ i ~ m a / r  2 

........... // . . . . . . . . . . . . . . . . .  da_ _ _ ~ ~ 

I I I I I I ] I I 

Fig. 5. Current vs. potential and current vs. wavelength curves for 
(a) CVD Fe203 in 0.25M Na2SO4, pH 9, (b) natural hematite in 
0.SM Na2SO4. E ~ 0.600V vs. SCE for i-h curves. Current scale 
for corrected i-k curve is 2 •  uncorrected scale shown. 

(ca. 20%) and -y-Fe203 (ca. 10%). The surface was 
very smooth with no visible cracks seen with the 
St~M for magnifications of 20,000 •  

The i-E and i-k curves for a CVD Fe203 electrode 
and a piece of na tura l  hemati te  are shown in Fig. 5. 
The two i-k curves are almost identical in shape, sug- 
gesting that the a-Fe203 form of the oxide is indeed 
the photoresponsive one. 

Attempts made to deposit Fe2Os on iron were un -  
successful, because the film flaked off dur ing  the high 
heat - t rea tment .  Films on Pt which were not heated 
showed a very poor photoresponse, so the t rea tment  
is necessary to convert  the film to a-Fe203 and make 
it n - type  (7). Attempts at heating Fe203 on Fe in 
vacuum were also not successful, since the apparatus 
could not apparent ly  achieve the required high tem- 
peratures (ca. 1200~176 Simply heat ing Fe plates 
unt i l  an oxide coating formed produced a slight pho- 
toresponse, but  it was not near ly  as large as that of 
CVD Fe203 on Pt, since, again, the formation of the 
required structure and doping levels could not be 
achieved without  the oxide flaking off. CVD of the 
1%203 was not necessary for good photoresponse, how- 
ever. Electrodes made by heating a minera l  oil s lurry  
of the acetylacetonate or a solution of FeCI~ in a flame 
on a Pt substrate showed good response. CVD does, 
however, allow better  control of the reaction and thus 
more uni formi ty  in the film, making it more useful  
for producing large area electrodes. 

As with CVD TiO2, the thickness of the film affects 
the shape and magni tude  of the photocurrent  vs. po- 
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Fig. 6. Current vs, potential curves for CVD Fe203 of varying 
thicknesses in 0.25M Na2SO4 pH 9.2 solution: (a) 0.6 ~m thick, 
(b) 1.7 Fm thick, (c) 6.8/~m thick. 

tent ia l  curve (Fig. 6). The much lower anodic current  
observed on the r e tu rn  sweep is due to adherence of 
gas bubbles to the electrode surface. Tapping the elec- 
trode dislodges the bubbles  and increases the current.  
Thicknesses were estimated by weighing the samples 
before and after deposition and assuming a density 
of 5.2 g/cm~ for Fe203. For the thickest film twelve 
coats of Fe20~ were chemically vapor deposited. (One 
coat equals approximately the amount  required to 
cause no fur ther  changes in the interference color, 
i.e., color becomes steady blue gray).  As the film be-  
comes thicker, a plateau region appears, but  it never  
becomes as sharp as that  for TiO2. This indicates a 
greater recombinat ion effect or lower absorptivity for 
the Fe203. Similar  i-E curves were observed by de- 
positing successive coats on the same electrode and 
making photocurrent  measurements  between coats. 

The efficiency for the CVD Fe2Q electrode depends, 
as does that for TiO2, on the potential  and wavelength.  
Photocurrent  densities of the order of 6 mA/cm  2 have 
been obtained with Xe white light, which is compar-  
able to that for TiO2 with the same lamp. However, 
since Fe208 responds over a wider wavelength region, 
higher current  densities would be expected. Thus the 
over-al l  quan tum efficiency for Fe203 is somewhat 
lower than  that  of TiO2. The t rans ient  photocurrent-  
t ime behavior  found with FezO8 depends upon the 
light in tensi ty  and E and differs from that seen with 
CVD TiO2 (Fig. 7). Under  high i l luminat ion intensit ies 
(full Xe lamp output)  no t ransient  peaks are ob- 
served (curve a). When the in tensi ty  was decreased 
to about 1% of its level with a neut ra l  density filter, 
a small  anodic t rans ient  peak appears. At the very 
low l ight intensit ies of monochromatic light (curve 
b),  sharp anodic t ransients  were observed, with the 
steady photocurrent  at these intensit ies being less than 
half of the peak value. When the light was tu rned  off, 
a cathodic peak t ransient  appeared. Similar  behavior  

i anod 
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A . t o n .  . . . . . . . .  . o f f  . . . . . .  

ic 

. 0  ma 

B +--~ 
i anodic 

110 sec J 

C 
t-- ~n 

. . . .  ~...._____..______ 

L 

i anodic 
Fig. 7. Transient ( i - t )  curves in 0.25M Na~SO4 pH 9 for (a) CVD 

Fe203, white light, E ~ 0.600V; (b) CVD Fe203, monochromatic 
light, ~ = 375 era; (c) CVD TiO2, E - -  --0.300V, ~ ~ 375 nm. 

occurred at all wavelengths where Fe20~ is responsive 
at similar light intensit ies (less than 1 mW/cm2).  
Vigorous st i rr ing of the solution had only a small  
effect on the steady current.  Memming (8) observed 
a similar t rans ient  response at TiO2. We have also 
observed this effect at CVD TiO2; however, it occurs 
only on the rising portion of the i-E curve (Fig. 7c). 
On the plateau the t ransient  for T i Q  is like that  for 
Fe2Q in white light, with both intense white and 
weak monochromatic light. Notice that in  the TiO2 
t rans ient  the cathodic peak occurring when the light 
is turned off is much smaller than the very small 
anodic one, while with Fe203 (Fig. 7b) the cathodic 
t ransient  is of the order of one-half  of the anodic 
one. As the potential  is increased for TiO2, the anodic 
t ransient  remains well defined, disappearing on the 
plateau region. 

This t rans ient  can be explained in terms of surface 
recombinat ion or backreaction of the photogenerated 
species. Thus the oxygen (or hydroxyl  radicals) which 
is produced by the photogenerated holes is thermody-  
namical ly  reducible at potentials on the rising portion 
of the i-E curve. A backreaction between these and 
any electrons at the surface produces a backreaction 
[which is equivalent  to a surface electron-hole re-  
combinat ion (3)] and a cathodic current  component. 
This component  decreases as  the potential  is made 
more positive, as expected. The effect of light in tensi ty  
suggests that  the extent  of the backreact ion is ra ther  
constant  and independent  of the in tensi ty  level, e.g., 
reaching its ma x i mum level when the surface is satu-  
rated with oxidized species. Thus, at high light in-  
tensities these transients  are not observed. The results 
also suggest that this backreact ion is more impor tant  
for Fe208 than for TiO2. The existence of this back- 
reaction cathodic current  can also be demonstrated 
by the following experiment.  If the ini t ial  potential  
of a Fe203 electrode in the dark is set at -t-0.80V and 
scanned in a negative direction, a small  cathodic cur-  
rent  is observed at high sensitivity. I l luminat ing  the 
electrode briefly and then scanning shows an increase 
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in this cathodic current  due to the oxygen produced. 
Thus the quan tum efficiency for photo-oxidat ion de- 
pends upon the light intensity,  being smaller  at lower 
intensit ies and giving anomalously low results for the 
monochromatic light. The effect of the backreaction is 
negligible, however, at the higher white (Xe) light 
intensities, since the t ransients  are not observed under  
these conditions. 

As with CVD TiO2, Fe203 shows a large anodic cur- 
rent rise and gas evolution in the dark at potentials 
greater than about -?I.2V. This probably represents 
tunneling of electrons into the conduction band. How- 
over, addition of I- and Fe(CN)64- produced mark- 
edly different results at Fe2Oa than at TiO.~. The cyclic 
vol tammetr ic  curves for Fe203 and Pt electrodes of 
similar area with these species are shown in Fig. 8. 
For iodide oxidation Epa at Fe~O3 is 0.417V, with a 
peak separation of 0.142V (compared to Eva ---- 0.417V 
and ~Ep of 0.118V at Pt) .  From simple area consider- 
ations, this anodic current  for I -  oxidation at Fe203 
cannot be due to exposed Pt under  the Fe203. Neither 
does the SEM picture show cracks in the film. The 
curve for Fe(CN)6 -4 is markedly  different between 
Pt and Fe20~. These results can be explained by a 
combinat ion of conduction band and tunne l ing  mech-  
anisms. From the photocurrent  vs. potential  curves, 
the onset of photocurrent  gives an estimate of the 
flatband potential.  For Fe2Q the flatband potential  
lies about 0.5V positive of that of TiO2. This implies 
that the conduction band of FeeO.~ is 0.5 eV lower 
than that of TiO.~. Since the Eo's for I - / I 2  and 
Fe (CN)6-4 /Fe (CN)6  -3 are -{-0.54 and -50.35V vs. 
NHE, respectively, the redox levels of these couples 
must  lie in the vicinity of the conduction band  of 
Fe203. The near  reversible behavior of the I - / I 2  
couple indicates that the overlap with the conduction 
band is quite good. The anodic current  could be 
either tunne l ing  or normal  electron t ransfer  at the 
conduction band edge. The Fe (CN)6-4 /Fe (CN)6  -3 

/ , O, o/cm2 O, o m2 

curve appears i rreversible with the anodic wave be-  
ing almost a plateau. The cathodic wave is shifted 
in a negative direction but  has a more diffusion-con- 
trolled shape, if the dis tr ibut ion functions of the 
Fe (CN) 6-4/Fe (CN) 6- 3 couple are widely separated, 
such that Fe(CN)6 -4 does not overlap well with the 
conduction band of Fe203, then the oxidation would 
proceed by tunne l ing  and the reduction by a normal  
conduction band mechanism. The anodic wave is sim- 
i lar to that seen by Pettinger,  Schoppel, and Gerischer 
(6) for Fe +'  at highly doped ZnO, which was in te r -  
preted as due to tunne l ing  currents.  Thus the Fe208 
electrode must  be highly doped, since it shows large 
anodic current  rise in the dark, accompanied by gas 
evolution. The difference in behavior between Fe.~Q 
and TiO2 can be ascribed to the higher lying conduc- 
t ion band in TiO2, result ing in a poorer overlap with 
both the I - / I ~  and Fe (CN)6-3 /Fe  (CN)6 -4 distr ibution 
functions. 

Fez03 solar ceIl .--A large (ca. 10 cm 2 area) Fe208 
electrode was ~abricated and operated in a solar cell 
a r rangement  with a fuel cell-air  cathode similar to 
that of Laser and Bard for TiO~ (4). In  such a cell, 
oxygen is photogenerated at the Fe203 and is reduced 
at the fuel cell cathode, so that the net effect is con- 
version of light to electrical energy. Figure 9a gives 
the response curves (current,  voltage, and power) for 
a typical cell with 1M NaOH electrolyte and i rradia-  
tion with the Xe lamp. The potentiostatic i-E curves 
for this cell in the dark and under  i l luminat ion  a r e  

shown in Fig. 10. Maximum response of the electrode 
was achieved by focusing the light onto about 4 cm 2 
of the electrode. The corresponding curves for opera- 
tion in direct, unfocused sunlight  are given in Fig. 
11. If the sunlight  was focused onto 1 cm 2 with a 
10.5 em diameter  lens, currents  of at least 8 mA 
could be achieved through a 1~ load resistor. Vigorous 
gas evolution was observed from the i l luminated  spot. 
This Fe203 solar cell operated for more than 6 hr 
in unfocused sunlight  and over 2 hr with the Xe 
lamp with no deteriorat ion in response. Because the 
flatband potential  of the Fe20~ is ra ther  positive, the 
output  voltage and power of this cell are rather  low. 
The current  capabilities in the sunlight  are quite 
good and suggest that it would be useful for solar 
decomposition of water  in conjunct ion with a sui table 
p- type  cathode. 

The Fe203 solar cell was also operated using the 
I - / I 2  reaction at a pH of about 9 with Xe lamp i l lu-  
minat ion  (Fig. 9b). Ini t ia l ly  no I2 was present  in the 
solution. After  operation for a short t ime through a 
1~ load, the solution became yellow, indicat ing the 
production of I2. The Fe20~ electrode was very  near  

34 

2.0- 

1.0 

A 

Oxygen 

~ v o i t a g ~  

power 

current 

L 2 ~00 t I ' 400 Load I I Resistance (ohmts) 
. ~ o l t a g e  

- - p o w , r  e ne B 

Jy ~ c u r r e n t  

r [ I I I I I I I 

2 0 0  

-tOO 

OO 

Fig. 8. (a) Cyclic voltammogram for CVD Fe203 and Pt in 0.5M 
Na2SO4 with 3.8 mM Nal. (b) Cyclic voltammogram for CVD Fe203 
and Pt in 0.5M Na2SO4 with 7.5 mM K4Fe(CN)6. 

Fig. 9. Current, power, and voltage vs. load resistance for Fe20~ 
solar cell. Xe lamp. (a) 1M NaOH, oxygen saturated; (b) 0.25M 
Na2SO4, pH 9, 33 mM Nal. 
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Fig. 10. Current vs, potential for Fe203 solar cell electrode in 
1M NaOH. 
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Fig. 11. Current, power, and voltage vs. load resistance for 
Fe203 solar cell, in ]M  NaOH, oxygen saturated, direct sunlight. 

the window, so the absorption of light by  the I2 was 
minimal.  Prolonged bubbl ing of N2 gas through the 
cell produced only a small decrease in the current.  
In  contrast, dur ing the operation of the cell without 
the I - / I 2  couple, N2 caused the current  to decay ten 
times as fast, with the current  finally approaching 
zero. The current  was restored by bubbl ing  02. Thus, 
the over-all  solar cell reaction involves I -  oxidation 
at the Fe203 and T 2 reduction at the cathode. The 
rapid production of I2 and the over-al l  effect on cell 
operation with I -  present  indicate that the efficiency 

for photocatalytic generat ion of I2 is relat ively high, 
as it also is at TiO2 (5). Thus Fe203 should work well  
and offer the advantage of longer wavelengths when 
used as an electrode for photoelectrosynthesis (5). 

Bismuth oxide.--Photocurrents with anodic gas evo- 
lut ion were also observed at bismuth oxide electrodes 
prepared by heating bismuth metal;  attempts at pro-  
ducing the oxide by CVD using BiC18 were unsuc-  
cessful. Typical i-E and i-k curves in pH 8, Na2SO4 
solution, with and without  i l lumination,  are shown 
in Fig. 12. There is a very low anodic and cathodic 
dark current  (<0.1 ~A/cm2), although on the ini t ial  
scan w~ith a new electrode some anodic current  was 
observed (dotted l ine) ,  probably represent ing further  
oxidation of the surface. This current  disappeared on 
subsequent  scans. Scanning first in the dark to --0.4V 
vs. SCE did not result  in any increase in the anodic 
dark current.  With i l luminat ion  both anodic and cath- 
odic photocurrents are observed. The anodic photo- 
current  begins at approximately the same potentials 
as with Fe203 and exhibits a similar shape. Because 
of the method of preparation,  the oxide film thick- 
ness could not be controlled easily, so that the effect 
of thickness on the i-E curve shape was not deter-  
mined. Heating the sample longer (45 min vs. 2 min) 
produced lower photocurrents,  but  similar  shapes. 
When the potential  was held at -F0.60V, gas evolu- 
tion was observed dur ing i l lumination.  The photo- 
current  slowly decayed with time, unl ike  the beha-  
vior at TiO2 or Fe2Os. After  1 hr of i l luminat ion,  the 
photocurrent  had decayed to about 0.4 its original 
value. 

The ma x i mum anodic photocurrent  densities [ca. 
1.8 mA / c m 2 with white (Xe) light] were obtained 
for Bi20~ electrodes heated only a few minutes. Thus 
the over-al l  efficiency for photo-oxidation appears 
much less than that for TiO2 or Fe203. After i l lumina-  
tion, the electrode surface color had changed from 
an init ial  gray to yellow. The resistance of the elec- 
trode (measured with an ohmmeter  between the sur-  
face and the contact) remained of the order of a few 
ohms. Dark currents  before and after i l luminat ion  also 
remained low. 

Examinat ion of the electrode surface by x - ray  dif- 
fraction reveals the presence of two forms of Bi208, 
and ~- and -y-forms. The relat ive amount  of the two 
forms was dependent  on the length of time the Bi 
sample was heated. After heating 3-5 min the ~:-y 
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Fig. 12. Current vs. potentia] and current vs. wavelength curves 
for Bi203 in 0.25M No2SO; pH 8. E z 0.80'3V for i-J, curve. Cur- 
rent scale for corrected i-?~ curve ( ' - ' )  is 2 X  value shown for un- 
corrected curve. 
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ratio was 60: 40; after  45 rain, the a:7 ratio was 90: 10. 
Since these la t ter  samples had less 7-Bi208 and showed 
lower photocurrents,  the anodic photocurrent  is prob-  
ably a t t r ibutable  to the -y-Bi203. 

X- r ay  examinat ion  of the electrode after the 1 hr 
i l lumina t ion  with subsequent  decay in photocurrent  
and appearance of a yellow surface revealed no new 
forms of b ismuth  oxide. The x - r ay  data were not 
accurate enough to conclude whether  or not the 
w a s  converted to s-form, causing the photocurrent  
decay, or whether  the yellow coating which could be 
a th in  film of ~-Bi208, was blocking the surface to 
fur ther  anodic photocurrents.  

Unl ike  the other semiconductors, Bi20~ exhibited 
both anodic and cathodic photocurrents.  Bi20~ h a s  
been reported to be an amphoteric semiconductor 
with n -  and p- type  behavior  (12). It is not known 
how the presence of both the ~- and -y-Bi203 affects 
the type of conductivi ty of the material.  Figure 13 
shows a cathodic i - E  scan from 0.00V. The light was 
manua l ly  chopped dur ing  the course of the scan 
reveal ing the current  to be a cathodic photocurrent,  
and not the result  of the reduction of an anodically 
produced species (e.g., O2). The cathodic current  is 
increased after an anodic scan with light, but  the 
p r imary  increase is a photosensitive one. The current  
becomes cathodic at about -}-0.2V and also responds 
to the chopping of the light. This cathodic photocurrent  
is probably  due to the reduction of absorbed oxygen, 
while at more negative potentials reduction of the 
Bi203 also seems to occur. If the potential  is held 
at --0.48V under  i l luminat ion,  a larger anodic dark 
current  is seen similar  to the dotted l ine in Fig. 12 
upon a subsequent  scan to positive potentials. 

When the potential  is scanned to --1.4V (Fig. 14), 
a large reduction peak at --1.05V vs.  SCE is observed. 
I l luminat ion  shifts the peak to more positive poten-  
tials by about 0.1V and alters its shape slightly. The 
anodic dark current  increased as a result  of this scan 
and did not re tu rn  to the low values ini t ia l ly present. 
The yellow color formed anodically under  i l lumina-  
tion disappeared after scanning over the reduction 
peak. It  only reappeared with anodic scans and i l lu-  
mination, or in scans to large positive potentials, 
where oxygen evolution occurs, in the dark. The exact 
na ture  of this coating is, again, unknown  as no x - ray  
peaks assignable to any other form of bismuth oxide 
were distinguishable.  

The photocurrent  vs. wavelength curves are given 
for both the anodic (Fig. 12b) and cathodic photo- 
currents  (Fig. 13b). The onset of the photocurrent  

h ~ / c m  2 

375 5 
W A V E L E N G T H  ( n  
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Fig. ]3. (a) Current vs. potential curve for Bi203, chopped white 
light, in 0.25M Na2$O4, pH 9. (b) Current vs. wavelength for 
cathodic photocurrent; E __. --0.475V vs. SCE. 
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Fig. 14. Current vs. potential curve for Bi203 in 0.25M No2$0~, 
pH 9. 

occurs at about 450 nm (corresponding to an Eg of 
2.8 eV) for both curves. The shape of the cathodic 
curve is not accurate because of the instabi l i ty  in 
the cathodic currents, and reduct ion of the oxide. 
The curve shape is similar to the anodic photocurrent  
curve, however. Note that the observed photoeffects 
cannot be ascribed to changes in photoconductivi ty of 
the Bi2Q film, since the measured film resistance is 
low (a few ohms) and was not affected appreciably 
by i l luminat ion.  The differences in semiconductor be- 
havior between ~- and 7-Bi2Q are not known. The 
corrected anodic photocurrent  vs. potential  curve 
shows a steeper rise than  those for Fe2Q on TiO2, 
possibly indicating a difference in transitions. Although 
Bi203 is not stable and has a bandgap only slightly 
smaller  than that of TiO2, it offers the interest ing 
property of both n-  and p- type behavior. 

T u n g s t e n  o x i d e . - - H o d e s ,  Cahen, and Manassen (9) 
have observed photosensitized generat ion of oxygen 
at polycrystal l ine ~O8 electrodes prepared by oxida- 
tion of the metal  or by decomposition of ammonium 
tungstate on glass. We have observed similar behavior 
at WO3 electrodes made by heating W foil, thermal ly  
decomposing WC16 on Pt, and CVD of WO3 on Pt. 
The i -E  curves for all of these electrodes show quite 
similar behavior (Fig. 15). Unlike Hodes et  al., we 
found the anodic photocurrent  at a W-foil  electrode 
changed upon repeti t ive anodic scans with light. The 
photocurrent  increased on each subsequent  scan and 
two anodie peaks appeared at 0.2 and 0.4V vs. SCE. 
After these scans, the dark i -E  scan showed a much 
higher anodic current  (about one-half  of the photo- 
current )  which showed the same peaks. This behavior 
could represent  some fur ther  oxidation of the W foil 
or the oxide which, although nominal ly  WO3 by x - r ay  
diffraction, is probably a nonstoichiometric form. This 
same behavior occurred for several different W-foil  
electrodes. The electrode surface was a deep blue 
before and after i l luminat ion.  This behavior  (appear-  
ance of peaks) was not observed for either of the 
WO3-Pt electrodes. The photocurrent  vs. t ime curves 
at E ~ 0.60V vs. SCE were quite stable for 10-20 
min, with gas evolution observed. The photocurrent  
then gradual ly  decayed. Examinat ion  of the surface 
revealed that parts of the electrode were bare Pt. 
Apparent ly  the film had poor adhesion to" the Pt. 
X - r a y  diffraction revealed the mater ial  on the Pt 
to be W Q ,  but  did not dist inguish slight alterations 
in composition. 

The differences in the oxide composition between 
the three types of electrodes are evident  from the 
photocurrent  vs. wavelengths curves (Fig. 15). All 
show an absorbency beginning at wavelengths cor- 
responding to about 2.6 eV vs.  the 2.8 eV reported as 
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Fig. 15. Current vs. potential 
and current vs. wavelength 
curves for (a) WO3 on W foil, 
0.25M Na2SO4, pH 8; (b-c) WO3 
on Pt (formed from heating 
WCI6 in EtOH solution), 0.25M 
Na2SO4, pH 9; (d) CVD WO3 on 
Pt, 0.25M Na2SO4, pH 9. All 
i-~, curves at E ..~ 0.600V vs. 

SCE. Corrected current scale is 
2 •  uncorrected scale. 
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the bandgap  of W03 (10). The shift  in the p e a k  loca-  
tion, s imilar  to that  observed by Hades et al. (9), 
must  represen t  s t ruc tura l  or composit ion differences 
be tween  the po lycrys ta l l ine  and single crys ta l  ma-  
terials.  

Lead oxide.--Another metal  oxide that  has been 
found to exhib i t  photoelec t rochemical  effects is lead 
oxide; an i-E curve wi th  a pH 9 0.25M Na2SO4 solu- 
tion is shown in Fig. 16. The anodic da rk  current  was 
usual ly  low, a l though on some electrodes it was 
quite high in i t ia l ly  but  decreased to values shown in 
Fig. 16a or lower after illumination. With light a 
somewhat larger photocurrent was observed on the 
initial scan of a new electrode. The current then re- 
mained approximately constant on subsequent scans. 
The surface changed from an initial blue gray to a 

ma,cm, 

Fig. 16. Current vs. potential and current vs. wavelength curves 
for lead oxide in 0.25M Na2SO4, pH 9. E _-- 0.60DV vs. SCE for 
i-~. curve. 

bronze b rown color; this, coupled with  the decrease 
in da rk  currents  observed af ter  i l luminat ion,  indicates 
that  at least  pa r t  of the  photocur ren t  contr ibutes  to 
fu r the r  oxidat ion  of the  surface. 

Af te r  an anodic scan wi th  light, the subsequent  ca th-  
odic cur ren t  was much higher,  sometimes exceeding 
the anodic photocurrents .  The cathodic current  g rad-  
ua l ly  decayed in the d a r k  over  severa l  scans. I t  de-  
cayed rap id ly  when the potent ia l  was held at --0.2 
to --0.4V. However ,  anodic scans under  i l luminat ion  
again increased the subsequent  cathodic current .  A 
few gas bubbles  were  visible on the electrode surface 
under illumination, but the quantity was much less 
than that observed at TiO2 or Fe20~ at similar cur- 
rents. Moreover, the magnitude of the cathodic current 
was too large to be accounted for by reduction of 
adsorbed oxygen. Both an anodic and cathodic trans- 
ient response similar to those observed with Fe20~ 
but present even under white light illumination were 
also found with lead oxide. This again is an indica- 
tion of a reductive current causing an over-all loss 
in efficiency in the electrode. 

Thus the anodic photocurrent is probably primarily 
that due to further oxidation of the electrode surface, 
while the cathodic current is the reduction of the 
newly formed oxide. X-ray diffraction examination 
performed on an electrode surface after prolonged 
illumination indicated the presence of Pb, PbO (lith- 
arge), PbO2 (platernite), and Pb304 (minium). The 
bandgaps of these oxides are approximately 2.8, 2.0, 
and 2.1 eV, respectively (I0). From the photocurrent 
vs. wavelength curve, Fig. 16b, a value of about 2.8 eV 
is obtained, suggesting that PbO is probably respon- 
sible for the photoeurrent. PbO has been studied as 
a photoconductor in the solid state (13-15). According 
to Tennant (13), PbO is a photosensitizer with an 
absorption spectrum similar to what we observed at 
the PbO electrode (Fig. 16b). Thus the properties 
of the electrode are consistent with PbO and the 
other oxides are, then, the products of the photo- 
oxidation. The existence of other stable oxides offers 
a competing path for photo-oxidation of water at PbO 
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electrodes,  compared  to TiO2 and Fe203 which have 
no such s tab le  h igher  oxides. These p r e l i m i n a r y  ex-  
pe r iments  showing the revers ib le  behav ior  of the  
lead  oxide electrode,  i.e., pho to -ox ida t ion  and da rk  
reduct ion  

l ight  
(-~2,~)"* PbO~ + H20 PbO Jr 2 O H -  <dark  
(-t-2e) 

suggest  the in teres t ing  poss ibi l i ty  of using a lead oxide 
electrode in a "photochargeable"  ba t te ry .  Moreover,  
PbO~ has been used often as an e lect rode for the  
oxidat ion  of organic compounds (17), so the  PbO 
elec t rode  might  also be useful  in photoelectrosynthesis .  
These possibi l i t ies  are  under  invest igat ion.  

Copper ox ide . - -A typ ica l  i-E curve for a copper  
oxide e lect rode formed by  the oxidat ion of CuNOs on 
lOt is shown in Fig. 17. For  comparison,  the i-E curve 
for  a P t  foil of s imi lar  area  in the  same solut ion 
(0.25M Na;SO4, pH 6.7) is also given. X - r a y  diffrac-  
t ion of the  oxide coating reveals  it  to be al l  CuO, 
which, as shown by  the cathodic photoeffect,  exhibi ts  
a p - t y p e  behavior .  The onset of the pho tocur ren t  oc- 
curs at about  0.28V (vs. SCE),  giving a po ten t ia l  shif t  
of about  0.5V from the da rk  cur ren t  r ise  at  the  same 
electrode.  Both curves showed negat ive  shifts in po-  
ten t ia l  wi th  increas ing pH. The shapes of the da rk  
and l ight  curves  are  s ignif icant ly different,  suggest ing 
that  the  pho tocur ren t  processes a re  not the same as 
those occurr ing dur ing  passage of the da rk  current .  
The da rk  cur ren t  r ise showed a hysteresis  loop which 
usua l ly  indicates  a change in the  e lect rode surface. 
No loop is seen in the pho tocur ren t  curve, which is 
qui te  s imi lar  in shape to the  i-E curve seen wi th  the 
Pt  electrode,  where  the  cathodic cur ren t  rise r ep re -  
sents H + reduct ion  and the  resu l tan t  anodic peak  on 
reversa l  is hydrogen  oxidat ion.  

No gas bubbles  were  seen at the  CuO electrode 
under  i l luminat ion.  However ,  this could be the resul t  
of the  r e l a t ive ly  low currents  and to the ins tab i l i ty  of 
the  photocurrent .  Over  a 10 rain period, the photo-  
cur rent  decayed  to app rox ima te ly  a qua r t e r  of its 
or iginal  value.  The surface color changed f rom an 
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Fig. 17. Current vs. potential curve for (a) CuO and (b) Pt in 
0.25M Na2SO4, pH 6.72. 

in i t ia l  b lack  to a b lack  in te rspersed  wi th  gold. Anodic  
da rk  scans af ter  p ro longed  i l lumina t ion  revea led  a 
l a rge r  anodic cur ren t  s im i l a r  to that  in Fig. 17a. An 
x - r a y  diffraction pa t t e rn  of the e lect rode af te r  fo rma-  
tion of the  gold areas  st i l l  r evea led  only  CuO present ,  
but  some Pt  was also found (, , ,1%) where  it had 
been absent  before, indica t ing  r emova l  of some of 
the  CuO. 

The pho tocur ren t  vs. wave leng th  curve given in 
Fig. 18 shows a ve ry  wide spectra l  range for  CuO, 
ex tending  to about 700 nm corresponding to a band-  
gap of 1.7 eV. No l i t e r a tu re  value  of the  bandgap  was 
found for  comparison.  The  monochromat ic  photocur -  
ren t  depended  upon the s t i r r ing  rate,  indica t ing  some 
diffusional na tu re  to the pho tocur ren t  consistent  wi th  
at  least  some H + reduct ion.  The cathodic cur ren t  in 
the  da rk  p robab ly  represents  reduct ion of the  oxide, 
since it shows the hysteresis  loop and occurs about  
0.5V before  the H + reduct ion  on Pt. The cathodic 
pho tocur ren t  p robab ly  represents  both  H + and oxide 
reduction.  The wide spect ra l  range  of CuO and its 
p - t y p e  behavior  offer in teres t ing  possibi l i t ies  in con- 
junct ion  wi th  an n - t y p e  e lec t rode  (e.g., Fe203) for 
solar  energy  use, p rovided  the appa ren t  ins tabi l i ty  
can be overcome. 

Vanadium oxide. - -Al though V205 dissolves in aque-  
ous solutions (acidic or a lka l ine ) ,  i t  was of in teres t  
to see if  i t  also exh ib i ted  any  photoeffect. Electrodes 
of s ingle crys ta l  and CVD mate r i a l  were  used. The 
i-E and i-~. curves for  both electrodes are  given in 
Fig. 19. Onset of the  pho tocur ren t  occurs  at  about  
0.58V for CVD mate r i a l  and at  about  0.8V for the 
single crystal .  The crys ta l  had a h igher  resis tance 
(about  12 kohm) than  the  CVD electrode. Both i-~ 
curves are  similar ,  a l though the CVD curve is b roader  
in the shor te r  wave leng th  region. Both give an ab-  
sorpt ion edge of 450 nm corresponding to a bandgap  
of 2.75 eV, which is about  the bandgap  l is ted for V20~ 
(10). The CVD e lec t rode  dissolved dur ing  use which 
p robab ly  affected the  magni tude  of the  photocurrent ,  
and thus the shape of the  i-~ curve. The single crysta l  
electrode,  which was in i t ia l ly  smooth, had s t r ia t ions 
in the  surface af ter  use. Because of its ins tab i l i ty  and 
the r e l a t ive ly  low photocur ren ts  observed,  the  p roc-  
esses giving r ise to the  pho tocur ren t  were  not  in -  
ves t iga ted  fur ther .  

Other oxides.--Oxides of Cd, Co, Cr, Mn, and Sr  
were  formed by  CVD and b y  the rmal  decomposi t ion 
of su i tab le  solut ions onto Pt  substrates .  No not iceable  
(at  least  a 10 ~A di f ference  be tween  d a r k  and l ight )  

photoeffects were  observed for  the  oxides of Mn, Cd, 
or Sr. Oxide electrodes of Cr and Co exhib i ted  low 
cathodic photocur ren ts  super imposed on the da rk  
currents.  Both Cr208 and CoO have  been repor ted  
to be p - t y p e  semiconductors  (11). For  Cr203 in pH 
9, 0.25M Na2SO4, an a pp rox ima te ly  constant  cathodic 
pho tocur ren t  of 45 ~A/cm 2 (observed by  manua l ly  
chopping the l ight)  was super imposed  on a da rk  cur -  
ren t  of 0-150 ~A/cm ~ (poten t ia l  range,  0.0 to --0.80V). 
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Fig. 18. Current vs. wavelength curve for CuO. E ~_ 0.00Y vs. 

SCE, 0.25M Na2SO4, pH 6.72. 
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Fig. 19. Current vs. potential and current vs. wavelength curves 

in 0.5M Na2S04 for (a) V205 single crystal, E _~ 1.59V vs. SCE for 
i-L curve; (b) CVD V205, E ~ 1.00V vs. SCE for i-L curve. 

For  CoO the pho tocur ren t  increased wi th  potent ial .  
An ins tantaneous  pho tocur ren t  of 0.2 m A / c m  2 at 
--0.90V was observed,  super imposed  on a da rk  cur ren t  
of 0.3 m A / c m  2. The cur ren t  for these electrodes (in 
both d a r k  and l ight)  was not  sufficiently s table  wi th  
t ime to obta in  good i-k curves.  

Conc lus ion  
The resul ts  given here  demons t ra te  that  a number  

of meta l  oxides can be used as semiconductor  elec-  
t rodes which show photosensi t ized electrode reactions.  
Moreover,  po lycrys ta l l ine  mate r i a l s  are  useful  for  
surveying  promis ing  semiconductor  mater ia ls .  Severa l  
methods  (CVD, the rmal  decomposi t ion of solutions, 
direct  oxidat ion of metals ,  anodization,  and s inter ing)  
can be employed  wi th  s imi lar  results.  Thus, whi le  
single crystals  are  st i l l  va luab le  for deta i led  studies 
of the  effect of s t ruc ture  on the photoeffect  and funda-  
menta l  s tudies of efficiency, in format ion  on the na -  
ture  of the  pho tocur ren t  and mate r i a l  s tab i l i ty  can 
be easi ly gained f rom polycrys ta l l ine  mater ia ls .  For  
use in prac t ica l  devices, good s tabi l i ty  is required ,  

including smal l  t endency  to dissolve d i rec t ly  or under  
i l luminat ion,  s tab i l i ty  against  pho to -ox ida t ion  (for 
n - t y p e  mate r ia l s ) ,  and s tab i l i ty  agains t  pho toreduc-  
t ion (for p - t y p e  ma te r i a l s ) .  This s tab i l i ty  depends  
upon the locat ion of the  valence band,  but  also upon 
the exis tence of h igher  or lower  oxidat ion  states. 

Of the  oxides examined  only  TiO2, Fe2Oj, and pos-  
s ibly WO3 appeared  to be s table  enough for wa te r  
oxidation.  Only Fe208 offers s tab i l i ty  and the re la -  
t ive ly  low bandgap  needed  for solar  energy  uses. 
None of the  oxides examined  seemed to have as 
negat ive  a f la tband potent ia l  as TiO2. However ,  the  
shapes of most of the  i-E curves did  not  exhibi t  the  
weU-defined shape of tha t  for  TiO2, mak ing  est imates  
of the  ac tual  f latband potent ia l  f rom the  onset of the  
pho tocur ren t  difficult. Fe2Oj, WOj, Bi203, and PbO 
all  showed an onset of pho tocur ren t  at  a pp rox ima te ly  
the same potent ial ,  indicat ing tha t  the conduction 
band locations are  about  the  same. One approach  to 
finding useful  ma te r i a l s  m a y  involve  modification of 
the s t ruc ture  or composit ion of TiO2, Fe2Oj, and WO3 
by  in t roduct ion of i m p u r i t y  bands  or the  format ion  
of t e r n a r y  compounds involving these. 
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