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ABSTRACT 

We show that  the s tandard  potent ia l  for anodic dissolution, ED ~ Of n - type  
semiconductors  (e.g., ED ~ for CdS ~ Cd 2+ (aq) Jr S ~- 2 e -  is -~ 0.08V vs SCE) 
plays  a key  role in u l t imate  efficiency of t he rmodynamica l ly  s table  n - t ype  
semiconductor -based  photoelect rochemical  cells. The selection of redox act ive 
substances that  can be used for compet i t ive  capture  of photogenera ted  holes 
is l imi ted  to those systems where  the product  does not have the potent ia l  to 
oxidize the semiconductor.  Where  EVB and EcB represen t  the  posi t ion of the  
valence and conduct ion band positions at  the interface,  respect ively,  we must  
conclude that  ED ~ is at a more negat ive potent ia l  (vs. a reference)  than  EVB, 
if the semiconductor  undergoes photoanodic  dissolution. Quenching of the 
photoanodic dissolution by compet i t ive  hole capture  by  some e lec t ro ly te  com- 
ponent, say A, is possible if Eredox(A+/A) lies at a potent ia l  more  negat ive  
t h a n  EVB. But addi t ional ly ,  if the  A +, the oxidat ion product ,  is to be incapable  
of oxidizing the semiconductor,  Eredox(A+/A) mus t  be more  negat ive  than  
E D  ~ Consequently,  for the semiconductor  to be the rmodynamica l ly  s table  in 
the A / A  + e lect rolyte  the max imum photovol tage  output,  (EcB-Eredox), can be 
no grea ter  than (EcB-ED ~ for ECB more  negat ive  than ED. ~ Natura l ly ,  k inet ic  
iner tness  of the semiconductor  to an oxidant  wi th  Eredox m o r e  posit ive than  
E D  ~ may  al low its presence a n d / o r  use in a more  efficient cell. N- type  CdS 
and TiOu semiconductors  in aqueous electrolytes  are  t rea ted  in detail .  Some 
p re l imina ry  comments are  made concerning p - t y p e  mater ia ls .  

Much a t tent ion  has been focused recent ly  on the 
use of cer tain redox active e lectrolytes  to "quench" the  
photoanodic dissolution of smal l  bandgap,  nonoxide,  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
1 D r e y f u s  T e a c h e r - S c h o l a r  G r a n t  r e c i p i e n t ,  1975-1980. 
Key  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  ceils,  p h o t o a n o d i c  dis- 

so lu t ion ,  s e m i c o n d u c t o r  e l e c t r o c h e m i s t r y .  

n- type  semiconductors  (1-6).  Broad ly  in terpre ted ,  the  
success real ized can be a t t r ibu ted  to the abi l i ty  of the 
redox active species to capture  photogenera ted  holes 
before the holes par t ic ipa te  in oxidat ion  react ions of 
the semiconductor.  At  present  there  is no deta i led 
unders tanding  of the  factors control l ing the  compet i -  
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tion between the interracial  electron t ransfer  and the 
photoanodic dissolution, al though clearly certain ener-  
getic requirements  (7) must  be met  for any photo- 
induced interracial  charge t ransfer  to occur. 

Power efficiencies of ,,,10% can be obtained for the 
conversion of monochromatic visible l ight to electricity 
with "stabilized" n- type  semiconductor-based cells (1- 
6). Even cells employing polycrystal l ine photoelec- 
trodes appear to give good efficiencies (2, 3, 8-10). It is 
appropriate to enunciate  criteria which will aid in  (i) 
the selection of new electrolyte/electrode combinations 
and ( i f )  the determinat ion of durabi l i ty  and conver-  
sion efficiency under  operating conditions. The aim of 
this note is to point  out the importance of the s tandard 
potential  for the anodic dissolution, ED ~ of n - type  
semiconductors. For semiconductors which undergo 
photoanodic dissolution, the position of ED ~ controls the 
ul t imate  efficiency and limits the redox active sub-  
stances that can be used for competit ive capture of 
photogenerated holes. 

Theory and Discussion 
According to Gerischer (7), the energetics of an  

n - type  semiconductor/electrolyte  interface at equil ib-  
r ium in  the dark are as sketched in Fig. 1, where 
the energy levels of importance, which can be ex- 
pressed in volts v s .  a reference electrode, are as 
follows: Ef is the Fermi level of the semiconductor, 
EcB and EvB are the conduction and valence band posi- 
tions, respectively, at the interface, EBG is the semi- 
conductor bandgap, and Eredox is the actual redox po- 
tential  of the chemical system (A + -~ e ---- A) in equi-  
l ibr ium with the semiconductor, In the following dis- 
cussion we will general ly  assume that  A + and A are 
at uni t  activity, so that  Eredox ---- Eredox ~ However, i f  
the redox system involves H +, e .g . ,  the O2/H20 sys- 
tem, Eredox will  be a funct ion of pH. Moreover, all en-  
ergy levels (given on some absolute scale in electron 
voits) will be expressed relat ive to a saturated calomel 
electrode, i .e .  in  volts v s .  SCE. 

Absorption of light wi th in  the depletion region cor- 
responding to a VB --> CB electronic t ransi t ion results 
in separated e - - h  + (electron-hole) pairs such that 
h + goes to the interface and the e -  moves to the bulk  
of the semiconductor. The h + rises to the top of the 
valence band, and, in  the absence of surface states, is 
at a potential  equal to EVB. Thus, if Eredox is more 
negative than Evm interracial  electron t ransfer  can oc- 
cur to fill h +, thereby oxidizing some component of 
the electrolyte. However if the s tandard potential  for 
the anodic dissolution of the semiconductor, ED ~ is 
more negative than Evm h + can also cause oxidation 
of the crystal. The pr imary  oxidation product, then, 
will depend on the relat ive rate of the two competing 
h + reactions. 
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Fig. 2. Eredox more positive than ED ~ 

Significantly, though, the relat ive position of Ered~z~ 
and ED ~ is crucial to whether  prolonged stabilization 
of the semiconductor is expected. In Fig. 2, we 
show a si tuation where Eredox ~ is more positive than 
ED ~ What is readily apparent  is that the oxidized form 
of the redox couple with a potential  Eredox ~ is capable, 
energetically, of spontaneously oxidizing the semicon- 
ductor in the dark. If the redox system is represented 
by A / A  + and one starts with only the reduced form, A, 
present, then the photogenerat ion of h + can lead to 
photoanodic dissolution and to interracial  t ransfer  to 
give the oxidized form, A +. But with the Eredox ~ level 
of A / A  + situated more positive than ED ~ A + is capable 
of chemically oxidizing the semiconductor. Thus, the 
use of A as a reductant  to capture competi t ively photo- 
generated h + is not attractive, because the pr imary  
oxidation product may, thermodynamical ly ,  oxidize the 
semiconductor. 

Figure 3, shows the si tuation for Eredox ~ (A/A +) 
more negative than ED ~ In this case the pr im-  
ary oxidation product, A + is not capable, thermody-  
namically,  of oxidizing the semiconductor to an ap-  
preciable extent. Thus, if A can successfully capture 
100% of the photogenerated h +, then the semiconduc- 
tor could be stabilized to anodic dissolution for an in -  
definite period. 

A comparison, though, of Fig. 2 and 3 s u g -  
gests several other impor tant  comments. First, the 
amount  of band bending in  the dark (EcB-Eredox) is 
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Fig. 1. N-type semiconductor at dark equilibrium Fig. 3. Eredox more negative than ED ~ 
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equal to the m a x i m u m  open-circuit  photopotential,  and 
in Fig. 3 the amount  of band bending is less than 
ideal. In  fact, the position of ED ~ will l imit  the amount  
of band bending to EcB-ED ~ for an electrolyte system 
which can stabilize the semiconductor. Thus, the maxi -  
m u m  conversion efficiency with monochromatic l ight 
and for a thermodynamical ly  stable system is just  
ECB-ED~ 

Second, the position of Eredox may be required to be 
significantly more negative than EvB. This may pre- 
clude effective overlap of filled levels of the redox 
active A and the valence band (containing the primary 
photogenerated h +) of the semiconductor. Indeed, if 
the h + position is, at  best,  at the top of the valence 
band, stabilization of the semiconductor to photoanodic 
dissolution may not be possible, owing to the slow oxi- 
dation of A because of this lack of overlap. This con- 
sideration suggests that  surface states or intermediate  
levels may be of importance in  the t ransfer  of holes 
to solution species whose Eredox is located in the band-  
gap region, and  there may  be mer i t  in  the controlled 
introduct ion of such states or levels so that  the photo- 
generated hole can rise to a level more negative than 
E D  ~ . 

Third, when Eredox is required to be substant ial ly 
more negative than  Eva there may be substant ia l  over-  
lap of the filled levels in A and the conduction band 
(unfilled) levels of the semiconductor. This will  result  
in significant dark anodic currents.  

Finally,  since ED ~ must  be closer to EvB than  Eredox, 
we can only be cautious about the prospects for find- 
ing a large number  of redox active materials  that will 
be capable of competing efficiently with photoanodic 
dissolution. T h e  presence of surface states will alter 
the prospects considerably, and their  role in the known 
cases of stabilization should be investigated in detail. 

Consideration of a couple of examples will serve to 
reinforce the principles outl ined here. Table I shows 
some per t inent  information. Stabilization of CdS to 
photoanodic dissolution has been reasonably success- 
ful (1-6) and is a useful i l lustrat ive case. In  aque-  
ous electrolytes the energetics are as in Fig. 4, 
and are approximately independent  of pH (6, 11). 
The value of E D  ~ is for the reaction Cd 2 + + S + 2e-  ___ 
CdS and is based on the thermodynamic data given 
in Lat imer (12). From the foregoing discussion, Eredox 
must  be more negative than +0.08V vs. SCE. Conse- 
quently,  and in retrospect, it is unders tandable  that 
failure results in  the at tempted (13) use of I -  to cap- 
ture competitively photogenerated h +. The pr imary  
oxidation product, I2, is capable of oxidizing CdS, since 
Eredox~ - )  is +0.25V VS. SCE (12). Indeed, it is 
well known that I2 will oxidize CdS, and this reaction 
is used in an established analytical  procedure (14). 
Since the oxidation of CdS by I2 will occur at some 
finite rate, it may be possible to generate some reason- 
able concentrat ion of I2 at CdS. However, it is the 
long- term stabili ty that is of importance here. More- 
over, an axiom of inorganic photochemical systems is 
that, at the very least, the role of the light is to ac- 
celerate thermodynamical ly  favorable chemical proc- 
esses. Thus, i r radiat ion of CdS in the presence o f ~  
Should increase its rate of spontaneous oxidation. 

Table I. Calculated standard potentials for decomposition 
half-reactions of several semiconductors 

ED ~ 
Com-  ( V  v s .  
pound H a l f - r e a c t i o n  S C E )  

TIC.-, T i C  ~+ + 1/2 02  + 2 e -  ~ T i O :  + 1.18 
Z n O  Z n  ~+ + ~/2 02  + 2 e - ~ -  Z n O  + 0 . 6 5  

Z n ( O H ) +  + V2 O-~ + 2 e - ~  Z n O  + O H -  + 0 . 5 2  
ZnO_~ ~ + 2H~O + V2 02 + 2 e -  m Z n O  + 4 O H -  +0 .19  
2 F e  ~+ + 3 / 2 0 e  + 6 e - ~  FezO~ + 1.00 
WO~ 2- + 4H + + V20-~ + 2 e - ~ - - W O ~  + 2H.-,O +1 .40  
Sn*+ + O.~ + 4 e - ~  SnO.~ + 1.11 
Cd 2+ + S + 2 e - ~ - C d S  +0 .08  

Fe~O~ 
WOw 
SnO~ 
CdS  

%- 
v 
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Electrolyte 

~ I n t e r f a c e  

Fig. 4. CdS in aqueous solution 

In the presence of X 2- (X ---- S, Se, Te) the positions 
of EcB and EvB for CdS are located at more negative 
potentials, bu t  the E r e d o x  values (12, 15) for X2-/X,~ ~- 
at --0.7, --0.9, and --1.1V vs. SCE for X ~_ S, Se, and 
Te, respectively, are all sufficiently negative that the 
elemental  chalcogen is incapable of oxidizing CdS. 
Thus, long- term stabili ty can be expected provided the 
X 2- --> Xn 2- oxidation is 100% efficient. Incidentally,  it 
is wort~h noting that  the lightest e lemental  chalcogen, 
02, is thermodynamical ly  capable of oxidizing CdS, 
since in H20 the E for the O 2 / H 2 0  couple unde r  1 atm 
of O2 ranges from +1.0 to +0.16V vs. SCE from pH : .  0 
to pH ~ 14 (12). Likely pr imary  oxidation products 
from H20 (such as 'OH or H20~) are certainly capable 
of spontaneously oxidizing CdS. However, the slow 
rate of the reaction of CdS with 02 may make it pos- 
sible to use this material  as the photoanode in a cell 
for the electrolysis of H20, provided intermediates like 
OH and H202 can be avoided. 

The other n- type  CdX photoelectrodes can be treated 
in the same way as CdS. At this time, the point to 
emphasize here is that  the position of ED ~ for CdS is 
significantly more negative (~ l .4V)  than EvB and, 
therefore, limits the immediate ly  foreseeable output  
voltages in  stable aqueous systems to about 1.0V. This 
projection is clearly altered if the band positions can 
be moved substant ia l ly  more negative by specific in-  
teractions with the electrolyte; e.g., in the presence of 
X 2- the bands move more negative by ~0.5V, while 
E D  ~ is presumably  constant (6). 

For a stable oxide semiconductor the value of ED ~ 
Iies at more positive potentials. For  example, the en-  
ergetics for TiC2 (16) electrode immersed in  a solution 
of pH -~ 0 are shown in Fig. 5, ED ~ calculated 
from available free energy data (12) for the ha l f - re -  
action TiC 2+ + 1/2 02 + 2e-  _-- TIC2, is -t- 1.18V vs. 
SCE, which is 0.18V positive of the E for the O2/H20 
reaction at pH -~ 0. At more alkaline pH's both the 
flatband potential  and the Er~dox for O2/I-I20 shift 
toward more negative values by about 59 mV/pH unit,  
while ED ~ is independent  of pH, as long as TiC 2+ is the 
predominant  Ti (I-V) species in solution. Thus, the sepa- 
rat ion between E D  ~ and E (O2/H20) increases with in -  
creasing pH, leading to greater  stabil i ty of t'he mate-  
rial. The value of ED ~ is consistent with an equi l ibr ium 
constant for the reaction TiC2 + 2H + ~ TiC 2+ -~ H20 
of 2 • 1 0 - t  In  sufficiently acidic solutions some small 
amount  of dissolution of the TiC2 may occur. Indeed, 
the change observed in surface morphology of a TiC2 
single crystal immersed in 1.0N H2SO4 under  i r radi -  
ation (17) may represent  this l ight-catalyzed dissolu- 
tion. At higher pH's the TiC2 electrode is stable, even 
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Fig. 5. TiO2 in aqueous solution at pH = 0 

under  prolonged irradiation,  as predicted from the 
above discussion. Note, however,  that ED ~ lies quite 
negative of EvB and, as discussed for CdS, may l imit  
how positive the potential  of an added redox active 
electrolyte can be, for use in a photoelectrochemical 
cell without encounter ing stabil i ty problems with the 
electrode. It is also of interest  to consider the behavior 
of the electrode in a nonaqueous solvent, e.g., aceto- 
nitrile. ED ~ will become more positive in a solvent 
which complexes or solvates the lattice metal  ion to 
a smaller  extent, yielding a more stable semiconductor 
with respect to photo-oxidation. 

The behavior of ZnO in aqueous electrolyes is also 
an interest ing case. For  the half-react ion Zn 2+ + 1~ 02 
+ 2e-  = ZnO, ED ~ is +0.65V vs. SCE (12). This lies 
near  or negative of E (O2/H20) at all pH's (when ED ~ 
is calculated for the appropriate Zn( I I )  species, i.e., 
Zn 2+, Zn(OH)  +, or ZnO22-) and is consistent with the 
known instabi l i ty  of ZnO under  irradiation,  even 
though EcB and EVB are located at about the same 
positions for ZnO and TiO2 (16, 18, 19). Thus, it is ED ~ 
rather  than Ev~ which governs the long- te rm stabili ty 
of the material.  It is t rue that  the position of EVB 
is related to the bonding energy of the valence elec- 
trons and thus the stabil i ty of the lattice. However, in 
terms of half-reactions,  EvB represents the potential  
for the abstraction of one electron from the lattice 
(e.g., CdS + + e : CdS), whereas ED ~ involves e q u i -  
l ib r ium constants and potentials involving the in te r -  
mediate species which may be so thermodynamical ly  
favorable as to make ED ~ quite negative of EvB. Thus, 
while redox couples with potentials near  EVB clearly 
will cause decomposition of the lattice (7), in fact 
couples at even more negative potentials are capable 
of oxidizing the semiconductor. Ideally, ED ~ should be 
at, or below Evm For the semiconductor materials in-  
vestigated for which thermodynamic  data are available, 
even the very stable ones (9), such as SnO2, WO3, and 
Fe203, ED ~ is negative of EVB for an aqueous solution. 

Though p- type  semiconductors have received some 
at tent ion as photocathodes, p- type  semiconductor-  
based photoelectrochemical cells have not been found 
to be very efficient. We note that the systems studied, 
e.g., p-GaP,  GaAs, CdTe, (20-23) all have n - type  
counterparts  which undergo photoanodic dissolution 
in aqueous solution (1, 6, 24-26). This allows us to con- 
clude that the ED ~ in each case is si tuated at a potential  
which is more negative than EVB. Since a heavily doped 
p- type  mater ial  has Ef ~ EvB at the flatband potential,  
EFB, the p- type  mater ial  is thermodynamical ly  un -  
stable to anodic dissolution at EFB in part icular  and 
at potentials more positive than ED ~ The flatband con- 
dition for a p - type  electrode is shown in Fig. 6 
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Fig. 6. P-type semiconductor at flatband potential 

and since the major i ty  of charge carriers are holes, 
it is apparent  that  the anodic dissolution may occur. 
At least, the dissolution will occur unt i l  the Ef at the 
surface is approximately ED ~ Consequently, in  prac-  
tice, p- type semiconductors having a fairly negative 
ED ~ may give poor output  photovoltages. Logically, 
other factors concerning p- type  materials  must  be 
considered, including the s tandard potential  for cath- 
odic reaction, e.g., CdTe + 2e -  --> Cd + Te 2-.  For 
p- type  materials such a reaction should be feasible 
for Ec~ more negative than such a potential. And again, 
whether the semiconductor is stable may depend in  
large measure on relat ive rates of minor i ty  carrier  
( e - )  interracial  t ransfer  vs. the cathodic decomposi- 
t ion of the semiconductor. 
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A B S T R A C T  

The basic e lectrochemical  proper t ies  of WO~ electrodes are described.  The 
influence of the p repara t ion  techniques on the photoelec t rochemical  behavior  
of the  e lectrodes is reported.  The resul ts  are  discussed in  view of appl icat ions  
in solar  energy conversion systems. 

The tungsten oxide ( W Q )  is a t rans i t ion  meta l  
oxide with  a number  of in teres t ing  optical  and e lec t r i -  
cal proper t ies  (1, 2). During the last  years  new interes t  
arose in i t  because of its potent ia l  use in small  a rea  
displays  (3). The subject  o f  our interest ,  however ,  
is its use as l igh t - sens i t ive  electrodes in  a semicon-  
duc to r /e lec t ro ly te  solar cell. 

Semiconduc tor /e lec t ro ly te  cells are  considered as po-  
tent ia l  solar energy conver ters  [for a rev iew see 
(4) ]. In pr inciple  they  al low a direct  conversion into 
e lectr ical  and /o r  chemical  energy.  F e w  se l f - regen-  
erat ive  solar  cells have  been real ized (5-8), and direct  
photoelectrolysis  has been repor ted  (9, 10). Problems  
arise from the photocorrosion [see, e.g., (11, 12)] of 
the semiconductor  electrode.  Most known semiconduc-  
tor e lectrodes immersed  in an aqueous e lec t ro ly te  show 
this phenomenon,  and other  semiconductors  (e.g., 
TiO2) which are  known to be stable have energy gaps 
which are  too large to be used efficiently for solar  
energy conversion. In order  to find sui table  electrodes,  
it  seems to be necessary to invest igate  less known 
semiconductor  mater ia l s  wi th  respect  to the i r  photo-  
e lectrochemical  behavior.  In  this paper  we present  
results  obtained from some invest igat ions wi th  W Q  
electrodes. 

Different values of the bandgap  energy of WO3 have 
been repor ted  ranging f rom 2.5 to 3.65 eV (2, 13). This 
scat ter ing is p robab ly  due to a s trong influence of t'he 
p repa ra t ion  technique on the electr ical  and optical  
propert ies.  Tungsten oxide can be obta ined in different  
colors f rom lemon ye l low to da rk  blue. The color can 
be changed also by  electr ic  charge inject ion [electro-  

and e lect rochemichromism,  see, e.g., (3)] .  For  the 
colorat ion mechanism severa l  models  have been p ro -  
posed; in any case the  degree of d isorder  due to la t t ice  
defects seems to p lay  an impor tan t  role. Elec t rochemi-  
cal invest igat ions in re la t ion  to d isp lay  appl icat ions  
were per formed  a l r eady  by  Chang et al. (17), and 
pre l imina ry  exper iments  in connection wit'h solar  en-  
ergy conversion were repor ted  by Hodes et al. (18) 
and by  But ler  et al. (27). 

Experimental 
Tungsten oxide layers  were  p repa red  by  two differ-  

ent techniques:  

(i) By sput te r ing  W Q  powder  on tungsten sheet, 
films of thicknesses 0.4-0.7 #m were  obtained which 
were  t r ansparen t  and showed typica l  in ter ference  
colors. X - r a y  analysis  revea led  a diffraction pa t t e rn  
typical  for a c rys ta l l ine  s t ruc ture  of composit ion 
WO2.9s (19). A hea t - t r ea tmen t  in an oxygen a tmo-  
sphere  for only 10 rain at  600~ effected a visible 
darken ing  of the films. The or iginal  greenish in t e r -  
ference color turns into da rk  blue. Obviously  the oxide 
reacts fur ther  wi th  the tungsten substrate,  leading  to 
lower tungsten oxides. 

(it) By thermal  oxidat ion of tungsten sheets (pur i ty  
99% in an oxygen a tmosphere  at 780~ oxide layers  
of severa l  ~m thickness w e r e  obtained.  If the  oxidat ion  
t ime was shor ter  than  ca. 15 rain, the  oxide layers  
assumed a da rk  blue color; for longer  t imes a lemon 
yel low color was obtained.  X - r a y  analysis  also re-  
vealed here  a diffraction pa t t e rn  compat ib le  wi th  a 
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