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Semiconductor Electrodes
XXI. The Characterization and Behavior of n-Type Fe,O, Electrodes in

Acetonitrile Solutions

Ronald A. Fredlein*:! and Allen J. Bard*
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712

ABSTRACT

The electrochemical behavior of Pb-doped single crystal, Ti-doped poly-
crystalline compacts, and chemical vapor deposited films of FesO3; was in-
vestigated in acetfonitrile solutions. Details of the surface electronic band
structure were obtained from capacitance and photo-excitation techniques
and by comparing the cyclic voltammograms of various electroactive species
of known standard potential to the Nernstian response at a Pt disk electrode.
There is evidence that surface electronic states capable of mediating electron
transfer exist at ~0.9 eV and ~1.8 eV negative of conduction bandedge.
Results are interpreted in terms of a narrow conduction band of width de-

pendent on the dopant level.

Recent interest in the semiconductor electrochem-
istry of Fe,O3 stems from the small bandgap (2.2 eV),
n-type conduction, and stability in aqueous alkali that
Fe»O3 possesses. This makes it an apparent attractive
possible substrate for the photo-assisted decomposition
of water (1-5) but quantum efficiencies are low (2-4).
Less work has been done on its fundamental electro-
chemistry as dictated by its electronic band structure
(6, 7). Intrinsic FeoO3 is an excitation semiconductor
of high resistivity (8) but when substitutionally doped
by divalent (p-type) or tetravalent (n-type) cations,
becomes conductive with charge transfer occurring
by a thermaily activated hopping mechanism (9-12).
For example, a Ti¢* on a Fe3+ site is accommodated
by the presence of a Fe2+ and conduction results from
electron hopping between adjacent Fe2+ and Fes+
ions. In this respect n-type FesO3 does not possess the
usual wide conduction band composed of a continuum
of delocalized electronic states. The electronic strue-
ture of «-FeyQ3; has been reviewed (13-15).

One of the more successful techniques for probing
the surface electronic structure of semiconductor elec-~
trodes exploits the isoenergetic charge transfer be-
tween the semiconductor and donor/acceptor states
in solution (16-18). The solution electronie states are
provided by redox couples of known standard poten~
tial. Acetonitrile (ACN) is a preferred solvent for
such studies because of its extended potential range of
stability (~5V) and other previously documented
reasons (18, 19). This paper reports studies of single
crystal and polycrystalline compacts of «~Fe;O3; and
chemical vapor deposited (CVD) films of approximate
composition o« (70%), ¢ (20%), and v (10%)-Fe;O;
(4).

* Electrochemical Society Active Member.

1 Permanent address: Chemistry Department, University of
Newcastle, N.S.W, 2308 Australia.

Key words: semiconductor, capacitance, voltammetry.
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Experimental

Sintered polycrystalline compacts of «-Fe:0O; were
prepared doped with titanium in the range 0.05-1.0
atomic percent (a/o) Ti. FeyO3 (Fisher Certified)
was stirred overnight with TiO, (MBC reagent grade)
in acetone, the solvent evaporated and the powder
pressed into disks at 7000 psi before firing in air
at 1100°C for 16 hr (3, 10). Single crystals of «-Fe20s3,
grown from a PbO melt, were generously donated by
Sandia Laboratories. The black, lustrous crystals were
highly conductive and on illumination gave rise to
only negligibly small anodic photocurrents in 0.1M
aqueous acetate buffer (pH 7.0) (1). However, heat-
ing the crystals in air at 540°C for 120 hr resulted in
great enhancement of the photocurrents. The Pb con-
tent of the crystals was estimated to be in the 1-10 a/o
range by x-ray fluorescence. The surfaces of the heat-
treated and untreated crystals were examined by
ESCA and Auger spectroscopy. Each crystal had one or
two well-developed faces which were determined to
be (012) (hexagonal indices) and the prepared elec-
trodes exposed this face. Films of Fe;O; on Pt foil
were prepared by chemical vapor deposition (CVD) as
previously described (1) and annealed for a few min-
utes in the oxidizing flame of a Fisher burner. A Cu
wire contact was made to each electrode with conduc-
tive silver acrylic cement (Allied Products Corpora-
tion) the contacted surface of the sintered compacts
and single crystals being first smeared with In/Ga
alloy. The electrodes were mounted in glass tubes with
silicone rubber sealant (Dow Corning) and studied
without prior etching.

The preparation or purification of the anhydrous
acetonitrile solvent, the tetra-n-butylammonium per-
chlorate (TBAP) electrolyte and the various electro-
active reagents have been previously described (18,
20). For some reagents, controlled potential coulome-
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try was used fo transform them to the desired oxida-
tion states.

A three compartment cell was used employing a
silver quasi-reference electrode, the potential of which
was periodically checked during each experiment
against known standard potentials located by cyclic
voltammetry at a Pt disk electrode (1). Experiments
were performed in a He atmosphere (Vacuum Atmo-
spheres Corporation, glove box); the ground joints of
the cell were sealed with silicone vacuum grease if it
was removed from the box.

Cyclic voltammograms were obtained using a PAR
173 potentiostat, PAR 175 function generator, and
Houston Instruments Model 2000 X-Y recorder. Positive
feedback was used to compensate for the IR drop in the
solution and semiconductor. All the electrodes required
about the same amount of feedback as that of the Pt
disk except for the 0.05 a/o Ti electrodes, which re-
quired 20 times as much. Electrode capacitance mea-
surements were made by superimposing a 5 mV
sinusoidal signal (Wavetek VCG 114) on the steady-
state electrode potential. The output signals from the
current and voltage followers of the potentiostat were
amplified and resolved into their in-phase and quadra-
ture components (PAR 5204 lock-in amplifier) and
measured with a DVM (Keithley 179). The capacitance
and resistance were computed as series circuit ele-
ments.

For photoexcitation experiments, unfocused poly-
chromatic radiation from a 250 W sunlamp was used to
illuminate the electrode. The photocurrent-wavelength
response was determined using a 450W Xenon lamp
and Oriel 7240 monochromator (13 nm passband) and
the data corrected for output variations of the source-
monochromator.

Results

Dopant concentrations.—The surface dopant concen-
trations of the single crystals were determined by
Auger spectroscopy to be 2.8 = 0.5 and 0.8 + 0.4 a/o
Pb for untreated and heat-treated crystals, respectively
These results are supported by ESCA data which show
a 3.0:1 ratio of surface Pb for the same crystals.

Schottky-Mott plots.—In the potential region of the
semiconductor depletion layer, the flatband potential,
Vs, and the donor density, Np, can, in principle, be
found from plots of Cs.~2 ws. V according to the
Schottky-Mott equation

Csc™2 = 2(V — Vg, — kT/e)/ (eee,Np) [1]

where C,. is the space charge region capacitance per
unit area, ¢ the dielectric constant of the semiconduc-
tor, ¢ the permittivity of free space and the other
symbols have their usual meanings. In practice, fre-
quency dispersion often results in uncertainties in
the values of Vg, and Np so obtained (21) as is illus-
trated by the present data, Fig. 1 and Tables I and IL
In the calculation of Np, the slopes of the low poten-
tial, linear region of the curves were used with e
taken as 120 and no attempt was made to correct for
electrode roughness. These donor densities vary greatly
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Fig. 1. Schottky-Mott plots for some FexQg electrodes in 0.100M
TBAP, ACN at various frequencies.

with frequency (Table I, Fig. 1). This type of fre-
quency dispersion has been interpreted as due to a
frequency dependent dielectric constant and Np values
can then be interpreted as having relative significance
only (21,22). The Np values at lowest frequency
(7 Hz) are considered the most appropriate as an aid
to the interpretation of the essentially d-c cyclic volt-
ammograms (vide infra). The Np (7 Hz) value for the
single crystal establishes that its effective donor den-
sity is near the top of the range studied. This is in
agreement with the surface dopant concentrations and
suggests that, like Ti, Pb occupies substitutional Fe
sites and exists as Pb4*. Similarly the empirical donor
density of the CVD film electrodes is towards the bot-
tom of the range and, since these electrodes exhibit the
greatest frequency dispersion, their effective d-c¢ donor
density may be relatively lower.

Kennedy and Frese (3) have reported Schottky-
Mott plots at 1000 Hz for polycrystalline sintered disks
of a-FesO3 doped by 0-1.0 a/o Ti in contact with

Table |. Donor densities, Np, determined from Schottky-Mott
plots at various frequencies

Dopant® Np (7 Hz) Nbp (25 Hz) No (100 Hz) Np (250 Hz)
Electrode (cm-3) (em-3) (cm-3) (cm-3) (cm-3)
Crystal 3.2 x 109 2.0 x 10 1.2 x 10 7.6 x 108 6.0 x 108
CVD film(® —_ 3.4 x 10 1.1 x 108 2.5 x 107 7.6 x 1018
1.0% Ti 4.0 x 10% 2.6 x 102 1.9 x 10 1.6 x 10t 1.3 x 10
0.5% Ti 2.0 x 102 1.6 x 19® 1.3 x 10w 1.1 x 10w 8.9 x 1018
0.2% Ti 8.0 x 101@ 1.2 x 101 7.3 x 10 5.2 x 1018 4.4 x 1018
0.1% Ti 4.0 % 10® 6.4 x 108 4.6 x 1018 3.8 x 10 2.2 x 1018
0.05% Ti 2.0 x 10 4.8 x 10% 3.6 x 107 1.2 x 1017 5.4 x 1018

) Density taken at 5.2 g em-9,
M) Surface density of Pb.
(2> CVD film No. F4.
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sity varied by a factor of 2 and exhibited no trend
with Np. The photocurrent first becomes detectable at
590 nm (E; = 2.10 eV) and the maximum of the re-
sponse corresponds to the minimum of reflectance
spectrum (341 nm) (24). The photocurrent density
rises only gently from its onset with increasingly en-
ergetic radiation (Fig. 2) indicating a very small
extinction coefficient for the excitation process. Ken-
nedy and Frese (6) have concluded that excitation,
forming holes in the valence band, is an indirect
process requiring phonon support. Small extinction co-
efficients are characteristic of such processes (25).

Under illumination, the photo-oxidations of
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD),
10-methylphenothiazine (10-MP), Th, and Ru(bipy)s2+
were observed at potentials negative of their revers-
ible potentials. Only in the absence of a dark current
is it certain that illumination produces a photocurrent
rather than convective enhancement of the dark cur-
rent (26). The most negative potential of photo-
oxidation, which occurred for TMPD on all electrodes,
then corresponds to Vg (Table III). Photocurrent
measurements generally provide a more reliable de-
termination of Vi, than do the X-axis intercepts of the
Schottky-Mott plots (28) but for the present study,
the agreement between the two sets of data is good
(Table II) except for the CVD film. For this electrode
the photocurrent onset potential is the more negative
and therefore the preferred value.

Linear and cyclic voltammetry.—Figure 3 shows i
against V scans, starting at 0V (SCE), in both the posi-
tive and negative directions and indicates the work-
ing ranges of the various Fe:O; electrodes, compared
to that of platinum, in 0.100M TBAP in ACN. All
anodic currents are due to the oxidation of the electro-
lyte solution which probably involves

ClOs— = CIO4* 4 e~
ClO4 - ClO2" -4 Og [2]

but, for the Fe.;0; electrodes, the cathodic currents
correspond to the irreversible reduction of the sub-
strate.

Cyclic voltammetry at the Fe»O; electrodes was
carried out for a number of compounds that undergo
reversible, one-electron charge transfer processes at
platinum and the results are summarized in Table
1II. These experiments were performed in the dark at
scan rates of 50 or 100 mV sec—! except where noted.

The standard potential of the AQ/AQ '~ couple is
the most negative ot any couple studied and is almost
a volt below the flatband potentials. The cyclic volt-
ammograms, Fig. 4, exhibit irreversible to quasi-re-
versible behavior with the peak separation decreasing

_v«___/

TBAP/ACN

Y T
Crystals : i

L Single 300 uA cm”

h h; l
CYD Film /
1.01£05% 0.2%
T Doped Compacts / oL
- 0.05%
] | | )} | L

-20 -1.0 0.0 1.0 2.0 30
VOLTS vs SCE

CURRENT DENSITY

Fig. 3. Current dencity 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 FesOs electrodes at 20 mV sec™L.

with decreasing scan rate and thus the electrodes be-
have as metals on which the exchange current density
is low. Proceeding to couples of higher standard po-
tential, the cyclic voltammograms of oxazine-1 (Ox-
1+) are similar to those of p-benzoquinone (BQ)
(Fig. 5) in that the reoxidation is less facile than the
initial reduction and the shapes of the anodic peaks
are not characteristic of the formation of a diffusion
layer near the electrode. The standard potential of
the TMPD"+/TMPD couple occurs just positive of the
flatband potentials of FexOs. The cyclic voltammo-
grams (Fig. 6) are very similar for the single crystal
and CVD film electrodes but for the sintered polycrys-
talline electrodes there is a clear trend of increasing
anodic current density with increasing Ti content. For
the oxidation of 10-MP current densities are small
except for the polycrystalline 1.0 a/o Ti elecirode un-
less the electrode is illuminated (Fig. 7). Starting
with the cation radical, 10-MP-+, only the CVD film
and the 0.05 a/o Ti sintered compact fail to give cath~
odic peaks characteristic of the formation of a diffusion
layer. On scan reversal only the 1.0 a/o Ti sintered
compact gave an anodic peak. The results for Th
and Ru(bipy)s2* are very similar. Anodic dark cur-
rent densities are small at potentials «<2.0V (SCE)
(<20 xA cm—2 for single crystal a-Fe;O3; <10 xA
em—2 for the other electrodes) and cyclic voltamme-
try, subsequent to oxidation at a platinum foil elec-
trode, yields irreversible reduction waves (Fig. 8).
The cyclic voltammograms reveal that charge trans-
fer processes at Fe;Os; are in general slow, as evi-
denced by a separation, AE, much larger than that
for nernstian behavior (~60 mV). For AQ in ACN
at n-ZnO and n-CdS electrodes. AE, has values of 0.11V
and 0.19V, respectively, at 200 mV sec—! (26). These
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contrast with much larger values at Fe;O3; (Table II)
obtained at a scan rate of 20 mV sec—!, Charge trans-
fer is particularly slow at the CVD film and 0.05 a/o Ti
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Fig. 7. Linear scan voltammetry of 1.0 mM 10-methylpheno-
thiazine, 0.100M TBAP, ACN, at FezO3 electrodes and the cyclic
voltammogram at a Pt disk all at 50 mV sec—1.

electrodes, although for the former charge transfer
appears faster at sample No. 3 than No. 4. Partial rec-
tification is exhibited by the cyclic voltammograms of
Ox-1t* and BQ and rectification becomes more pro-
nounced for couples of higher standard potential and
is essentially complete for Th:'+ and Ru(bipy)sd+
(Fig. 8).

Linear scan voltammetry with chopped illumination.
—A typical linear sweep voltammogram with chopped
illumination is shown in Fig. 9. At low potentials, but
still positive of Vi, illumination causes an anodic cur-
rent spike decaying with time and on interruption of

T
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Fig. 8. Cyclic voltammograms of 0.30 mM Ru(bipy)s3+, 0.100M
TBAP, ACN, at Fe203 electrodes at 50 mV sec—1.
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Fig. 9. Linear scan voltammetry in the dark and with chopped
illumination of 0.5 mM Ru(bipy)s2+, 0.100M TBAP, ACN, at FesOs
electrodes at 20 mV sec—! and the cyclic voltammogram at o Pt
disk ot 50 mV sec—1L,

the illumination a corresponding cathodic spike re-
sults. This behavior has been observed previously
(4, 26) and is due to the back (cathodic) reduction of
the photo-oxidation product. Scanning to higher po-
tentials causes an increase in the anodic photocurrent
and a corresponding increase in the back cathodic cur-
rent but, while still negative of the reduction peak at
platinum, the back reaction ceases. This is manifest
by the disappearance of the cathodic current spikes
and the spikes on the anodic current peaks. The cath-
odic current spikes pass through a maximum. Table IV
shows the correspondence of these maxima with those
of the cyclic voltammograms.

Photo-oxidation of the electrolyte solution also oc-
curs but at photocurrent densities <10% of that in
solutions containing 1.0 mM Th. Linear sweep volt-
ammetry with chopped illumination (Fig. 10) exhibits
the anodic and cathodic spikes characteristic of the
participation of a back cathodic process. The maxima 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 levels.—The results are characteristic
of n-type semiconductor electrodes with only anodic
photocurrents observed and Schottky-Mott behavior
positive of Vg, The data from these experiments
(Table 1I) establish Vi as ~0.0V (SCE) in ACN and,
taking the bandgap as 2.2 eV, locates the valence
bandedge, Ev, at ~2.2V (SCE) which is the same as

Table IVY. Cathodic peak potentials for cyclic voltammetry and
chopped illumination linear sweep voltammetry at FeaQO3 electrodes

Ege (volts, SCE)
Ru(bipy)s®*

Th Th+

Electrode (c.iw) (c.v.) (e.1.) Ru(bipy)as+
Pt 1.20 — 1.27
Single crystal 0.90 0.83 0.85 0.87
CVD film 0.90 (b) () (b)
0.1% T1 0.83 0.87 0.85
0.2% T 0.83 0.89 0.82 0.85
05% T 0.88 0.82 0.83 0.90
1.0% T 0.93 0.87 0.8% 1.00

@ Abbreviations: c.i. chopped illumination linear sweep vol-
tammesiry; c.v., eycliec voltammetry.
™ Indistinet peaks.
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Fig. 10, Linear scan voltammogram with chopped illumination at
CVD film 3 in 0.100M TBAP, ACN, at 20 mV sec—1,

that found for TiO: in ACN (1). The energies of the
valence bands of transition metal oxides, formed from
oxygen 2p orbitals, are expected to be relatively in-
dependent of the transition metal (5).

Band structure and charge transfer.—The standard
potentials of Ox~1*/0x-1- and BQ/BQ'~ lie negative
of Vi, yet the eyclic voltammograms of Ox-1* and BQ
exhibit partial rectification. In common with AQ/AQ'—,
charge transfer to these couples is slow and the surface
becomes nondegenerate (at potentials just negative of
Vi) before an overpotential sufficient to produce a
diffusion layer is reached. The anodic current is then
potential independent.

Gerischer (16) has pointed out that, because charge
transfer takes place on a semiconductor near the
bandedges where the densities of states are low, charge
transfer rates are expected to be slower on semicon-
ductors than on metals. Conduction in n-Fe;O3 is by a
thermally activated hopping mechanism and Suchet
(27) has proposed that for such mechanisms the width
of the conduction band is given by hy where » is the
frequency of carrier hopping. Morin (10, 11) observed
that increasing the dopant concentration from 0.05 to
1.0 a/o Ti increases the carrier mobility by several
orders of magnitude. The mobility, x, is related to the
frequency of electron hopping, » by

w = (eA2yy/akT) exp (—Ea/kT)

where g is the lattice constant, A the diffusion length,
v a geometrical factor, and E, the activation energy
(28). At constant temperature, x is proportional to
v, and doping with Ti (and presumably other tetra-
valent metals) may widen the conduction band due to
delocalization of the electron states of Fe3+ with a con-
comitant increase in the density of states. This hypothe-
sis provides a possible explanation for the cyclic volt-
ammograms of TMPD. The standard potential of the
TMPD +/TMPD couple lies just positive of Vg, and
there must be good overlap of the states of this couple
with those of the conduction band. The greater the
density of states of the conduction band the greater the
exchange current density, i,. Scanning in the positive
direction causes an exponential decrease in the partial
cathodic current due to withdrawal of electrons from
the surface while the partial anodic current remains
essentially constant. Consequently, if i, is high enough,
the net anodic current becomes sufficiently large to
produce a diffusion layer. The rates of charge transfer
processes occurring at potentials negative of Vi, de-
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pend exponentially on the potential drop across the
Helmholtz layer and the influence of the density of
conduction band states is less pronounced.

The oxidation of the electrolyte on FeyO3 electrodes
is first detected in the dark at ~1.7V (SCE) (Fig. 3).
Except for the CVD film, which is still slightly out of
order even when its more negative (by 100 mV) Vg,
is taken into consideration, there is a trend for elec-
trodes with high Np 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 Ey, the depletion region may be con-
tracted by the ionization of deep donors or the neutrali-
zation of acceptors. Divalent cation impurities (e.g.,
Cu?+, Zn2t+, and Mg2+) are known acceptors in FexOs
(29) and it has been found that small additions of TiOy
usually decrease the conductivity due to the neutrali-
zation of these impurity acceptors (14).

Surface states.—If, at potentials well positive of Vip,
the semiconductor/electrolyte solution interface formed
a true Schottky barrier charge transfer at such poten-
tials should be negligibly slow in both directions. How-
ever, cathodic spikes are observed in the chopped il-
lumination linear scan voltammograms of Th and
Ru(bipy)s2+ (Fig. 9) and Th'+ and Ru(bipy)ss+
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)] 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
barrier 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 ClO;'. The most probable
explanation is the Kermi 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)s2*. This is because the energy
levels of the photo-oxidation products of the latter
species Th'* and Ru(bipy)s3* 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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