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Semiconductor Electrodes 
XXI. The Characterization and Behavior of n-Type Fe20 3 Electrodes in 

Acetonitrile Solutions 
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ABSTRACT 

The e lect rochemical  behavior  of P b - d o p e d  single crystal ,  T i -doped  po ly -  
c rys ta l l ine  compacts,  and chemical  vapor  deposi ted films of Fe2Os was in-  
ves t iga ted  in acetoni t r i le  solutions. Detai ls  of the  surface electronic band  
s t ruc ture  were  obta ined  f rom capaci tance and photo-exc i ta t ion  techniques 
and by compar ing  the cyclic vo l t ammograms  of various e lect roact ive  species 
of known s t andard  potent ia l  to the Nerns t ian  response at  a P t  d isk  electrode.  
There  is evidence tha t  surface electronic s tates  capable  of media t ing  e lec t ron  
t rans fe r  exist  a t  ~0.9 eV and ,-.1.8 eV negat ive  of conduct ion bandedge.  
Results  a re  in t e rp re t ed  in' terms of a na r row  conduct ion band  of wid th  de -  
penden t  on the dopant  level.  

Recent  in teres t  in the semiconductor  e lec t rochem-  
i s t ry  of Fe20~ stems from the smal l  bandgap  (2.2 eV),  
n - t y p e  conduction, and s tab i l i ty  in aqueous a lka l i  tha t  
Fe.~O3 possesses. This makes  i t  an apparen t  a t t rac t ive  
possible subs t ra te  for  the photo-ass is ted  decomposit ion 
of  wa te r  (1-5) but  quan tum effieiencies a re  low (2-4). 
Less work  has been done on its fundamenta l  e lect ro-  
chemis t ry  as d ic ta ted  by  its electronic band s t ruc ture  
(6, 7). In t r ins ic  Fe2Os is an exci ta t ion semiconductor  
of high res is t iv i ty  (8) but  when  subs t i tu t iona l ly  doped 
by  d iva len t  (p - type )  or t e t r ava len t  (n - type )  cations, 
becomes conduct ive wi th  charge t ransfer  occurr ing 
by a the rma l ly  ac t iva ted  hopping mechanism (9-12). 
Fo r  example ,  a Ti 4+ on a Fe S* si te is accommodated  
b y  the presence of a Fe 2 + and conduct ion resul ts  f rom 
elect ron hopping be tween ad jacent  Fe 2+ and Fe s+ 
ions. In  this respect  n - type  Fe203 does not possess the 
usual  wide conduct ion band composed of a cont inuum 
of delocal ized electronic states. The electronic s t ruc-  
ture  of ~-Fe2Os has been rev iewed  (13-15). 

One of the  more  successful techniques for probing  
the surface electronic s t ructure  of semiconductor  e lec-  
t rodes exploi ts  the isoenerget ic  charge t ransfe r  be -  
tween  the semiconductor  and donor /accep tor  states 
in solut ion (16-18). The solution electronic states a re  
p rov ided  by  redox  couples of known s t andard  po ten-  
tial. Acetoni t r i le  (ACN) is a p re fe r r ed  solvent  for 
such studies because of its ex tended  potent ia l  range of 
s tab i l i ty  (,~SV) and o ther  prev ious ly  documented  
reasons (18, 19). This paper  repor ts  s tudies of single 
crys ta l  and po lycrys ta l l ine  compacts of a-Fe2Os and 
chemical  vapor  deposi ted  (CVD) films of  app rox ima te  
composit ion a (70%),  ~ (20%),  and  7 (10%)-Fe2Os 
( 4 ) .  

" Electrochemical Society Active Member. 
Permanent address: Chemistry Department, University of 

Newcastle, N.S.W. 2308 Australia. 
Key words: semiconductor, capacitance, voltammetry. 

Experimental 
Sin te red  po lycrys ta l l ine  compacts of ~-Fe20s w e r e  

prepa red  doped wi th  t i t an ium in the  range 0.05-1.0 
atomic percent  (a /o)  Ti. Fe2Os (Fisher  Certified) 
was s t i r red  overnight  wi th  TiO2 (MBC reagent  grade)  
in acetone, the solvent  evapora ted  and the powder  
pressed into disks at  7000 psi before  firing in a i r  
at  l l00~ for 16 hr (3, 10). Single crysta ls  of ~-Fe20~, 
grown from a PbO melt ,  were  generously  dona ted  b y  
Sandia  Laborator ies .  The black,  lustrous crys ta ls  were  
h ighly  conduct ive and on i l lumina t ion  gave rise to 
only negl ig ib ly  small  anodic pho tocur ren t s  in 0.1M 
aqueous acetate  buffer (pH 7.0) (1). However ,  hea t -  
ing the  crysta ls  in a i r  a t  540~ for 120 h r  resul ted  in  
g rea t  enhancement  of the  photocurrents .  The  Pb con- 
tent  of the crysta ls  was es t imated  to be in the 1-10 a /o  
range  by  x - r a y  fluorescence. The surfaces of the hea t -  
t rea ted  and un t rea ted  crysta ls  were  examined  by  
ESCA and Auger  spectroscopy. Each crys ta l  had  one or  
two we l l -deve loped  faces which were  de te rmined  to 
be (012) (hexagonal  indices) and the p repa red  elec-  
t rodes exposed this face. Fi lms of Fe2Os on P t  foil  
were  p repa red  by  chemical  vapor  deposi t ion (CVD) as 
prev ious ly  descr ibed (1) and annea led  for  a few min-  
utes  in the oxidizing flame of a F isher  burner .  A Cu 
wire  contact  was made  to each e lect rode with  conduc-  
t ive s i lver  acrylic cement  (Al l ied  Products  Corpora -  
t ion) the  contacted surface of the s in tered compacts  
and single crystals  being first smeared  wi th  I n / G a  
alloy. The electrodes were  mounted  in glass tubes wi th  
silicone rubbe r  sea lant  (Dow Corning)  and s tudied  
wi thout  p r io r  etching. 

The p repa ra t ion  o r  purif icat ion of the  a n h y d r o u s  
acetoni t r i le  solvent,  the t e t r a - n - b u t y l a m m o n i u m  p e r -  
c h l o r a t e  (TBAP)  e lec t ro ly te  and the var ious  e lec t ro-  
act ive reagents  have  been prev ious ly  descr ibed  (18, 
20). For  some reagents ,  cont ro l led  potent ia l  coulome-  
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t r y  was used to t r ans fo rm them to the  des i red  ox ida -  
t ion states. 

A th ree  compar tmen t  cell  was used employ ing  a 
s i lver  quas i - re fe rence  electrode,  the  poten t ia l  of which  
was per iod ica l ly  checked dur ing  each expe r imen t  
agains t  known s t anda rd  potent ia ls  located by  cyclic 
v o l t a m m e t r y  at  a P t  d isk  e lec t rode  (1). Exper iments  
were  pe r fo rmed  in a He a tmosphere  (Vacuum A t m o -  
spheres  Corporat ion,  glove box) ;  the  ground  joints  of 
the  cell  were  sealed wi th  sil icone vacuum grease  if  i t  
was r emoved  f rom the box. 

Cyclic vo l t ammograms  were  ob ta ined  using a PAR 
173 potent iostat ,  PAR 175 funct ion generator ,  and 

Houston Ins t ruments  Model  2000 X - Y  recorder .  Posi t ive  
f eedback  was used to compensate  for  the  IR drop in the  
solut ion and semiconductor .  Al l  the  e lect rodes  r equ i r ed  
about  the  same amount  of feedback  as tha t  of the  P t  
d isk  except  for  the  0.05 a /o  Ti electrodes,  which  r e -  
qui red  20 t imes as much. Elec t rode  capaci tance mea -  
surements  were  made  by  super imposing  a 5 mV 
sinusoidal  s ignal  (Wave tek  VCG 114) on the  s t eady-  
s ta te  e lec t rode  potent ia l .  The output  signals f rom the 
cur ren t  and  vol tage  fol lowers  of the  potent ios ta t  were  
amplif ied and resolved  into the i r  i n -phase  and quad ra -  
tu re  components  (PAR 5204 lock- in  amplif ier)  and  
measured  wi th  a DVM (Ke i th l ey  179). The capaci tance 
and resis tance were  computed  as series circui t  e le-  
ments .  

Fo r  photoexci ta t ion  exper iments ,  unfocused po ly -  
chromat ic  rad ia t ion  f rom a 250 W sunlamp was used to 
i l lumina te  the  electrode.  The pho tocu r r en t -wave l eng th  
response was de te rmined  using a 450W Xenon l amp  
and Oriel  7240 monochromator  (13 nm passband)  and 
the  da ta  correc ted  for ou tpu t  var ia t ions  of the  source-  
monochromator .  

Results 
Dopant concentrations.--The surface  dopant  concen- 

t ra t ions  of the  s ingle  crys ta ls  were  de t e rmined  by  
A u g e r  spect roscopy to be 2.8 • 0.5 and 0.8 • 0.4 a /o  
Pb for un t r ea t ed  and hea t - t r e a t ed  crystals ,  respec t ive ly  
These resul ts  a re  suppor ted  by  ESCA data  which show 
a 3.0:1 ra t io  of surface Pb for  the same crystals .  

Schottky-Mott plots.--In the  potent ia l  region of the 
semiconductor  deple t ion  layer ,  the  f ia tband potent ial ,  
Vrb, and the donor density,  ND, can, in pr inciple ,  be  
found f rom plots of Csc -2  vs. V according to the  
Scho t tky -Mot t  equat ion 

Csc - 2  : 2 ( V  ~ Vfb - -  kT/e)/(eeeoND) [1 ]  

where  Csc is the  space charge  region capaci tance per  
uni t  area,  ~ the  d ie lec t r ic  constant  of the semiconduc-  
tor, eo the  pe rmi t t i v i t y  of f ree  space and the o ther  
symbols  have  thei r  usual  meanings.  In  pract ice,  f re -  
quency dispers ion of ten resul ts  in uncer ta in t ies  in  
the  values of Vfb and ND so ob ta ined  (21) as is i l lus-  
t r a t ed  by  the presen t  data,  Fig. 1 and Tables I and II. 
In  the  calcula t ion of ND, the  slopes of the  low po ten-  
t ial ,  l inear  reg ion  of the  curves  were  used wi th  e 
t aken  as 120 and no a t t empt  was made  to correct  for  
e lect rode roughness.  These donor densi t ies  va ry  g rea t ly  
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Fig. 1. Schottky-Mott plots for some Fe2Os electrodes in 0.100M 
TBAP, ACN at various frequencies. 

wi th  f requency  (Table  I; Fig. 1). This type  of  f r e -  
quency dispers ion has been in t e rp re t ed  as due to a 
f requency  dependent  dielectr ic  constant  and :r~TD values 
can then be i n t e rp re t ed  as having  re l a t ive  significance 
only  (21,22). The •D values  at  lowest  f r equency  
(7 Hz) a re  considered the most  appropr i a t e  as an a id  
to the  in t e rp re t a t ion  of the essent ia l ly  d-c  cyclic vol t -  
ammograms  (vide in f ra ) .  The  ND (7 Hz) va lue  for  the  
single c rys ta l  establ ishes that  i ts effective donor den-  
s i ty is nea r  the top of the  range studied. This is in  
agreement  wi th  the  surface dopant  concentra t ions  and 
suggests that,  l ike  Ti, Pb  occupies subs t i tu t ional  Fe  
sites and exists as Pb  4+. S imi l a r ly  the  empir ica l  donor  
dens i ty  of the  CVD film electrodes is towards  the  bot -  
tom of the range and, since these electrodes exhib i t  the 
grea tes t  f requency  dispersion, thei r  effective d-c  donor 
densi ty  m a y  be r e l a t ive ly  lower.  

K e nne dy  and Frcse  (3) have  r epor t ed  Scho t tky -  
Mott  plots at  1000 Hz for po lycrys ta l l ine  s in tered disks 
of a-Fe203 doped by  0-1.0 a /o  Ti in contact  wi th  

Table I. Donor densities, ND, determined from Schottky-Mott 
plots at various frequencies 

Dopant( , )  ND (7 Hz) /~D (25 Hz) ND (100 Hz) Nv (250 Hz) 
E l e c t r o d e  (cm-~) ( cm -s) ( cm -8) (cm-3) (cm-3) 

C r y s t s l  3.2 x 10 ~{b) 2,0 x 10 ~~ 1.2 x 10 lg 7.6 x 10 ~8 6.0 x 10 is 
CVD fi lm (~) 3.4 x 10 is 1.1 x 10 is 2.5 x 101,~ 7.6 x 10 TM 

1.0% T i  4.0 x - ~ 0  ~~ 2.6 x 10 TM 1.9 x 10 TM 1.6 • 1019 1.3 x 1019 
0.5% Ti  2.0 x 1020 1.6 x 1019 1.3 x 1019 1.1 x 101~ 8.9 x 10 TM 

0.2% Ti  8.0 x 10 TM 1.2 • 10 TM 7.3 x 10 ~-s 5.2 • 10 ~s 4.4 • 10 ~-s 
0.1% TI 4.0 • 10 z~ 6.4 • 10 TM 4.6 x 10 TM 3.8 • 10 is 2.2 • I0 ~s 
0.05% T i  2,0 • 10 TM 4.8 • 1017 3.6 x 10 x7 1.2 X 1017 5.4 • 10 le 

ca) D e n s i t y  t a k e n  a t  5.2 g c m  -a. 
(b) S u r f a c e  d e n s i t y  o f  Pb. 
(~) CVD fi lm No. F4.  
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Table II. Schottky-Mott flatband potentials compared to the 
potentials of onset of the photo-oxidation of 

N,N,H',N'-tetramethyl-p-phenylenediamine at various Fe~Oz 
electrodes 

V ~  Onset potential 
Electrode (V (SCE)) (V (SCE)) 

Single crystal 0.00 -- 0.01 0.04 
CVD film -0.02 • 0.02 -0.05 
Compact 0,05% Ti -0.06 • 0.02 0.06 

0.1% Ti -0.05 • 0.01 0.04 
0.2% Ti -0.05 ----. 0.05 0.02 
0.5% Ti -0.01 • 0.01 0.06 
1.0% Ti -0.12 • 0.06 0.04 

(a~ V~b given as the range of intercepts for frequencies of 7, 25. 
10O, and 250 Hz. 

.aqueous solutions. Their  results  for pure  a-Fe~Os are  
of the same form as the current  results for 0.05 a /o  Ti; 
both show breaks in the l inear  plots. Also at h igher  Ti 
concentrations, both  sets of  data give l inear  plots to 
,~IV posit ive of Vf~. However ,  Kennedy  and Frese (3) 
found donor densities for the Ti -doped electrodes ~5  
times those of the present  study. Their  h igher  ND 
values may be due to quenching during the p repa ra -  
tion of their  sintered compacts which freezes in oxy-  
gen vacancies increasing ~T D (9). The transi t ion to a 
lower  second siope exhib i ted  by the low ND value  
electrodes has been in terpre ted  as due to deep donors 
in these and other  mater ia ls  (3, 23). We note that  in 
the present s tudy the potent ial  of slope change is f re -  
quency dependent.  

Photocurrents.~Photocurrents were  always anodic 
and the pho tocur ren t -wave leng th  response de te rmined  
in 1.0 mM thianthrene  (Th) at 1.5V (Fig. 2) was of 
the same form for all  samples. The photocurrent  den-  
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Fig. 2. Photocurrent.wavelength response for Fe203 electrodes 
corrected for output variations of the source/monochromator in 1.0 
mM thianthrene, 0.100M TBAP, ACN at i.5V. 
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s i ty  var ied  by  a fac tor  of 2 and exhib i ted  no t r e n d  
with  ND. The pho tocur ren t  first becomes de tec table  a t  
590 nm (Eg ---- 2.10 eV) and the m a x i m u m  of the re -  
sponse corresponds to the  min imum of reflectance 
spec t rum (341 nm)  (24). The pho tocur ren t  dens i ty  
rises only  gent ly  f rom its onset wi th  increas ingly  en-  
erget ic  r ad ia t ion  (Fig. 2) indica t ing  a v e r y  smal l  
ext inc t ion  coefficient for  the  exci ta t ion  process. K e n -  
nedy  and Frese  (6) have concluded tha t  excitat ion,  
fo rming  holes in the  valence  band, is an  indi rec t  
process requ i r ing  phonon support .  Smal l  ext inct ion co- 
efficients a re  character is t ic  of such processes (25). 

Under  i l luminat ion,  the  photo-ox ida t ions  of 
N ,N ,N ' ,N ' - t e t r ame thy l -p -pheny lened iamine  (TMPD),  
10-methylphenoth iaz ine  (10-MP),  Th, and  Ru(bipy)~ 2+ 
were  observed at  potent ia ls  negat ive  of the i r  r eve r s -  
ib le  potent ials .  Only  in  the absence of a da rk  cu r ren t  
is i t  cer ta in  tha t  i l lumina t ion  produces  a pho tocur ren t  
r a the r  than  convect ive enhancement  of the  da rk  cur-  
ren t  (26). The most  nega t ive  poten t ia l  of photo-  
oxidat ion,  which  occurred for TMPD on al l  electrodes,  
then  corresponds to Vfb (Table  I I I ) .  Pho tocur ren t  
measurement s  genera l ly  p rov ide  a more  re l i ab le  de-  
t e rmina t ion  of Vfb than  do the X-ax i s  in tercepts  of the  
Scho t tky -Mot t  plots (26) but  for the  presen t  study,  
the  agreement  be tween  the two sets of da ta  is good 
(Table  II)  except  for the CVD film. For  this e lect rode 
the  pho tocur ren t  onset potent ia l  is the  more  negat ive  
and therefore  the p re fe r r ed  value.  

Linear and cyclic voltammetry.wFigure 3 Shows i 
against  V scans, s ta r t ing  at  0V (SCE) ,  in both the  pos i -  
t ive  and negat ive  direct ions and indicates  the w o r k -  
ing ranges of the  various Fe203 electrodes,  compared  
to that  of p la t inum,  in 0.100M TBAP in ACN. Al l  
anodic  currents  are  due to the oxida t ion  of the e lec t ro-  
ly te  solut ion which p robab ly  involves 

ClO~- -, CIO4" + e- 

C10,~' ---> C102" + 02 [2] 

but, for the Fe203 electrodes, the cathodic currents 
correspond to the irreversible reduction of the sub- 
strate.  

Cyclic v o l t a m m e t r y  at  the Fe208 electrodes was 
carr ied  out for a numbe~" of compounds that  undergo 
revers ible ,  one-e lec t ron  charge t ransfer  processes a t  
p l a t i num and the resul ts  a re  summar ized  in Table  
III. These exper iments  were  pe r fo rmed  in the da rk  at  
scan rates  of 50 or 100 mV sec -1 except  where  noted. 

The s tandard  potent ia l  of the A Q / A Q ' -  couple is 
the  most negat ive  of any  couple s tudied and is a lmost  
a volt  be low the f la tband potent ials .  The cyclic vol t -  
ammograms,  Fig. 4, exhib i t  i r r evers ib le  to quas i - r e -  
vers ib le  behavior  wi th  the peak  separa t ion  decreasing 

pt  J TBAP/ACN 
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Fig. 3. Current density against potential curves for the electrodes 
in 0.100M TBAP, ACN; (a) heat-treated crystal; (b) untreated 
crystal. 
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Fig. 4. Cyclic voltammograms of 1.0 mM anthraquinone, 0.100M 
TBAP, ACN, at Fe203 electrodes at 20 mV sec -1 .  

with decreas ing scan ra te  and thus the electrodes be-  
have as meta ls  on which the exchange cur ren t  dens i ty  
is low. Proceeding to couples of h igher  s tandard  po-  
tential ,  the  cyclic vo l t ammograms  of oxazine-1 (Ox-  
1 +) a re  s imi lar  to those of p -benzoquinone  (BQ) 
(Fig. 5) in tha t  the  reoxida t ion  is less faci le  than  the 
ini t ia l  reduct ion  and the shapes of the anodic peaks  
are  not  character is t ic  of the fo rmat ion  of a diffusion 
l aye r  near  the  electrode.  The s t anda rd  potent ia l  of 
the T M P D ' + / T M P D  couple occurs jus t  posi t ive of the  
f la tband potent ia ls  of FefO3. The cyclic vo l t ammo-  
grams (Fig. 6) a re  ve ry  s imi lar  for the single c rys ta l  
and  CVD film electrodes but  for the s in te red  po lyc rys -  
ta l l ine  electrodes there  is a c lear  t rend  of increas ing 
anodic cur ren t  dens i ty  wi th  increas ing Ti content.  For  
the  oxidat ion  of 10-MP cur ren t  densi t ies  are  smal l  
except  for  the  po lycrys ta l l ine  1.0 a /o  Ti e lec t rode  un-  
less the e lect rode is i l lumina ted  (Fig. 7). S ta r t ing  
wi th  the cation radical ,  10-MP "+, only  the CVD film 
and the 0.05 a /o  Ti s in tered  compact  fai l  to give ca th-  
odic peaks  character is t ic  of the fo rmat ion  of a diffusion 
layer.  On scan reversa l  only  the 1.0 a /o  Ti s in tered 
compact  gave an anodic peak.  The resul ts  for  Th 
and Ru(b ipy)~  2+ a re  ve ry  similar .  Anodic  da rk  cur -  
ren t  densi t ies  are  smal l  at  potent ia ls  <2.0V (SCE) 
(<20 #A cm -2 for  single c rys ta l  a-FefO3; <10 ~A 
cm -2 for  the o ther  e lectrodes)  and cyclic vo l t amme-  
try,  subsequent  to oxida t ion  at  a p la t inum foil elec-  
trode,  yields  i r r evers ib le  reduct ion  waves  (Fig. 8). 

The cyclic vo l t ammograms  revea l  that  charge  t rans-  
fer  processes at  Fe2Oa are  in genera l  slow, as evi-  
denced by  a separat ion,  AEp, much la rger  than tha t  
for nerns t ian  behavior  (~60 mV).  For  AQ in ACN 
at n-ZnO and n -CdS electrodes.  AEp has values of 0.11V 
a n d  0.19V, respect ively ,  at  200 mV sec -1 (26). These 
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Fig. 5. Cyclic voltammograms of 1.0 mM p-benzoquinone, O.IOOM 
TBAP, ACN, at Fe203 electrodes at 100 mV sec -1.  

contrast  w i th  m u c h  larger va lues  at Fe208 (Table  H)  
obtained at a scan rate of  20 m V  sec -1. Charge trans-  
fer is part icularly  s l o w  at the CVD film and 0.05 a /o  Ti 

i -  
ra 
Z Ld 
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Fig. 6. Cyclic voltammogroms of 1.2 mM N,H,N',H'-tetromethyl- 
p-phenylenediamine, 0.100M TBAP, ACH, at Fe203 electrodes at 
lOG mY sec -1.  
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T 
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Fig. 7. Linear scan voltommetry of 1.0 mM lO-methylpheno- 
thiazine, 0.100M TBAP, ACH, at Fe~03 electrodes and the cyclic 
voltammogram at a Pt disk 011 at 50 mV sec -1. 

electrodes,  a l though for the  fo rmer  charge  t rans fe r  
appears  fas ter  at  sample  No. 3 than  No. 4. Pa r t i a l  ree-  
tification is exhib i ted  by  the cyclic vo l t ammograms  of 
Ox-1 + and BQ and rect if icat ion becomes more  p ro -  
nounced for  couples of h igher  s t anda rd  poten t ia l  and 
is essent ia l ly  complete  for  Th.+ and R u ( b i p y ) s  s+ 
(Fig. 8) .  

Linear scan vo~tammetry w i th  chopped i l lumination.  
- - A  typica l  l inear  sweep vo l t ammogram wi th  chopped 
i l lumina t ion  is shown in Fig. 9. At  low potent ials ,  bu t  
st i l l  posi t ive of V~b, i l lumina t ion  causes an  anodic cur -  
ren t  spike  decaying  wi th  t ime and on in t e r rup t ion  of 

i 

100 pA cm -2 

1 
- -  Crystal 

- 

- 

- 

CVD Film 3 

0.1% Ti 

0.2% Ti 

0.5% Ti 

1.0% Ti 

Ru(bipyl:  + 

I 1 I I 
0.5 1.0 1.5 2.0 

VOLTS vs SCE 

Fig. 8. Cyclic voltammograms of 0.30 mM Ru(bipy)33+, 0.100M 
TBAP, ACH, at Fe20a electrodes at 50 mY sec -1. 
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Fig. 9. Linear scan voltammetry in the dark and with chopped 
illumination of 0.5 mM Ru(bipy)32+, 0.100M TBAP, ACN, at Fe20~ 
electrodes at 20 mV sec -1 and the cyclic voltammogram at a Pt 
disk at 50 mV sec-L 

the  i l lumina t ion  a corresponding cathodic spike  r e -  
sults. This behavior  has been observed p rev ious ly  
(4, 26) and is due to the back  (cathodic)  reduct ion  of 
the  pho to -ox ida t ion  product .  Scanning to h igher  po-  
tent ia ls  causes an  increase  in  the anodic pho tocur ren t  
and a corresponding increase  in the back  cathodic cu r -  
ren t  but, whi le  st i l l  negat ive  of the reduct ion  peak  at  
p la t inum,  the  back  react ion ceases. Tills is mani fes t  
by  the  d i sappearance  of the  cathodic cur ren t  spikes 
and the spikes on the anodic cur ren t  peaks.  The cath-  
odic cur ren t  spikes pass th rough  a maximum.  Table  IV 
shows the  correspondence o f  these m a x i m a  wi th  those 
of the  cyclic vo l tammograms.  

Pho to -ox ida t ion  of the  e lec t ro ly te  solut ion also oc- 
curs but  at  pho tocur ren t  densi t ies  ~10% of tha t  in 
solut ions containing 1.0 mM Th. L inear  sweep vol t -  
a m m e t r y  wi th  chopped i l lumina t ion  (Fig. 10) exhibi ts  
the  anodic and cathodic spikes character is t ic  of the  
par t i c ipa t ion  of a back cathodic process. The m a x i m a  of 
the  cathodic spikes all  occur at  1.7-1.9V (SCE) and 
the effect is most  pronounced  for the CVD film.. 

Discussion 
Band energy l eve l s . - -The  resul ts  a re  character is t ic  

of n - t y p e  semiconductor  electrodes wi th  only  anodic 
photocur ren ts  observed and Scho t tky -Mot t  behavior  
posi t ive  of Vfb. The da ta  f r o m  these expe r imen t s  
(Table  1I) es tabl ish Vfb as ~0.0V (SCE) in ACN and, 
tak ing  the bandgap  as 2.2 eV, locates the  valence 
bandedge,  Ev, at  ,-.2.2V (SCE) which is the same as 

Table IV. Cathodic peak potentials for cyclic voltammetry and 
chopped illumination linear sweep voltammetry at Fe203 electrodes 

Epr (vol ts ,  SCE) 

Th  Th + Ru(b ipy )a  e+ 
E l ec trode  (c.i. (~)) (e.v.) (c.i.) Ru (bipy)a ~+ 

P t  1.20 - -  1.27 
Single c rys ta l  0.90 0.83 0.85 0.87 

C V D  film 0.90 (~) (b) (b) 
0.1% Ti 0.83 0.87 0.85 
0.2% Ti 0.83 0.09 0.82 0.85 
0.5% Ti 0.88 0.82 0.83 0.90 
1.0% Ti 0.93 0.87 0.89 1.00 

(a) Abbrev ia t ions :  c.i. c h o p p e d  i l luminat ion  l inear  s w e e p  vol- 
t am m e~ry ;  c.v., cyclic v o l t a m m e t r y .  

(b) Indis t inct  peaks .  

CVD Film 3 

Chopped Illumination 

l 
T 

100 pA cm -2 

I t I 
0.5 1 0 1.5 2.0 

VOLTS vs SCE 

Fig. 10. Linear scan voltammogram with chopped illumination at 
L;VD film 3 in 0.100M TBAP, ACN, at 20 mV sec -1. 

tha t  found for  TiO2 in ACN ( I ) .  The energies  of  t h e  
valence bands of t rans i t ion  meta l  oxides,  fo rmed from 
oxygen  2p orbi ta ls ,  a re  expec ted  to be r e l a t ive ly  i n -  
d e p e n d e n t  of the t rans i t ion  meta l  (5).  

Band s tructure  and charge transJer . - -The s t andard  
potent ia ls  os O x - l + / O x - 1  �9 and B Q / B Q ' -  l ie negat ive  
of Vfb ye t  the  cyclic vo l t ammograms  of Ox-1 + and BQ 
exhib i t  pa r t i a l  rectification. In  common wi th  A Q / A Q ' - ,  
charge  t ransfer  to these couples is slow and the surface  
becomes nondegenera te  (at  potent ia ls  jus t  negat ive  of 
Vfb) before  an overpoten t ia l  sufficient to produce a 
diffusion l aye r  is reached.  The anodic cur ren t  is then  
potent ia l  independent .  

Ger ischer  (16) has poin ted  out  that,  because charge  
t ransfer  takes  p lace  on a semiconductor  near  the  
bandedges  where  the  densit ies  of s tates  a re  low, charge  
t ransfer  rates  a re  expected to be s lower on semicon-  
ductors than  on metals.  Conduct ion in n-Fe203 is b y  a 
t he rma l ly  ac t iva ted  hopping mechanism and Suchet  
(27) has proposed  tha t  for  such mechanisms the w id th  
of the  conduct ion band is given by  hv where  v is the 
f requency  of ca r r i e r  hopping. Mor in  (10, 11) observed 
tha t  increas ing the dopant  concentra t ion f rom 0.05 to 
1.0 a /o  Ti increases the  car r ie r  mobi l i ty  by  severa l  
orders  of magni tude .  The mobil i ty ,  #, is r e la ted  to the  
f requency  of e lec t ron hopping, ~, by  

-- (e~2.y~/akT) exp  ( - - E A / k T )  

where  a is the  la t t ice  constant,  ~ the  diffusion length,  
a geometr ica l  factor,  and  EA the act ivat ion energy  

(28). At  constant  tempera ture ,  ~ is p ropor t iona l  to 
v, and  doping with  Ti (and p re sumab ly  o ther  t e t r a -  
va len t  meta ls )  m a y  widen  the conduct ion band due to 
delocal izat ion of the  e lect ron states of Fe~ + wi th  a con- 
comitant  increase  in the dens i ty  of states. This hypo the -  
sis provides  a possible exp lana t ion  for the  cyclic vo l t -  
ammograms  of TMPD. The s t andard  potent ia l  of the  
T M P D ' + / T M P D  couple lies jus t  posi t ive of V~b and 
there  mus t  be good over lap  of the  s tates  of  this couple 
wi th  those of the conduct ion band. The g rea te r  the 
dens i ty  of states of the  conduct ion band the grea te r  t h e  
exchange cur ren t  density,  io. Scanning in the  posi t ive  
direct ion causes an exponent ia l  decrease  in the pa r t i a l  
cathodic cur ren t  due to w i thd ra w a l  of e lectrons f rom 
the surface wl~ile the  pa r t i a l  anodic cur ren t  remains  
essent ia l ly  constant.  Consequently,  if  io is h igh enough, 
the  net  anodic cur ren t  becomes sufficiently l a rge  to 
produce  a diffusion layer .  The ra tes  of charge  t ransfe r  
processes occurr ing  at  potent ia ls  nega t ive  of V,% d e -  
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pend exponentially on the potential drop across the 
Helmtmltz layer and the influence of the density of 
conduction band states is less pronounced. 

The oxidation of the electrolyte on Fe2Oa electrodes 
is first detected in the dark at ~l .7V (SCE) (Fig. 3). 
Except for the CVD film, which is still slightly out of 
order even when its more negative (by 100 mV) Vr~ 
is taken into consideration, there is a trend for elec- 
trodes with high N D to oxidize the electrolyte at  lower 
voltages. This suggests that the thickness of the deple- 
tion region is important  and that the mechanism in-  
volves electron tunneling to the conduction band. Tun- 
neling is possible only through narrow barriers and, at 
potentials near Ev, the depletion region may be con- 
tracted by the ionization of deep donors or the neutral i-  
zation of acceptors. Divalent cation impurities (e.g., 
CL~2+, Zn~+, and Mg2+ ) are known acceptors in Fe203 
(29) and it has been found that small additions of TiO2 
usually decrease the conductivity due to the neutral i-  
zation of these impuri ty acceptors (14). 

SurSace states.--If, at potentials well positive of Vtb, 
the semiconductor/electrolyte solution interface formed 
a true Schottky barr ier  charge transfer at such poten- 
tials should be negligibly slow in both directions. How- 
ever, cathodic spikes are observed in the chopped i l-  
lumination linear scan voltammograms of Th and 
Ru(bipy)a 2+ (Fig. 9) and Th'* and Ru(bipy)~ 3+ 
are reduced directly (Fig. 8). Table IV shows the cor- 
respondence between these peaks. Since these reduc- 
tions occur deep in the bandgap [--0.85V (SCE)J and, 
since electron transfer is isoenergetic, surface states 
must mediate the transfer of charge. In keeping with 
previous observations (26) of n- type semiconductors, 
surface states do not mediate anodic processes. This has 
been interpreted as due to the presence of an energy 
barr ier  for electron transfer from surface states to the 
conduction band (26). The peaks in the cathodic spikes 
of the chopped illumination linear scan voltammograms 
of the electrolyte solution at 1.7-1.9V (SCE) (Fig. 10) 
results from a sudden decrease but not cessation of the 
back reaction. This is evidenced by the continuation of 
spikes on the anodic side and thus the peak cannot be 
due to the Fermi level dropping below the reversible 
potential for the reduction of C102'. The most probable 
explanation is the Fermi level passing through surface 
states and the residual back reaction is then caused by 
overlap with the valence band and hole injection into 
it. These results establish that surface states capable of 
mediating charge transfer have density maxima at 
,~ 0.9 and ,~ 1.8 eV negative of the conduction band- 
edge. 

The more positive the standard potential of a redox 
couple, the better  the overlap of the energy levels of 
the reductant with the valence band and higher effi- 
ciencies for photo-oxidations are expected. In the pres- 
ent work, the photocurrent for the oxidation of TMPD 
is detected at lower potentials than those for the oxida- 
tion of Th or Ru(bipy)32+. This is because the energy 
levels of the photo-oxidation products of the lat ter  
species Th "+ and Ru(bipy)a 8+ overlap well with the 
surface states at ,~0.9V (SCE) and at more negative 
potentials the net anodic photocurrent is diminished by 
the cathodic back reaction. The onset of the photocur- 
rent is then more .difficult to detect. 
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