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ABSTRACT

Single crystals of germanium substituted Fe903 were grown using
chemical vapor transport with tellurium tetrachloride and their
crystallographic, electrical magnetic, and photoelectronic properties
were measured. Germanium substituted Fe903 crystallized with the corrundum
structure and is an extrinsic n-type semiconductor with a room temperature
resistivity of around 5  cm and an impurity ionization energy of 0.12
eV. low temperature susceptibility measurements suggest that insertion
of Ge(IV) leads to reduction of iron(III) to iron(II) without spinel
phase inclusion. Photoelectrochemical measurements and determinations of
the flatband potential by different techniques suggest that the behavior
of Fe903 photoanodes may be influenced by energy levels in the bandgap
near the conduction band.



Introduction

Iroﬁ oxidesmﬁéve receﬁtly been investigated as possible eléttrode
materials for fﬁé;ﬁhotoelectrolysis of water using sunlight.1 In an
overview, the iéfge adsorption coefficients? and favérable bandgap (~2.2 eV)
of q—Fe2033 suggest that a latge portion of'the solar spectrum could be
used efficiently in an iron oxide ba§ed semiconductor-liquid junction p—n -
assembly. Most of the studies ﬁsing n—-type Fe)03 photoanodes have focused
on thin films% or polycrystalline sintered disks? primarily because of
the ease of sample preparation, and it was found that iron oxides might
be useful if the quantum efficiency of this material could be improved.

The origin of the‘low quantum efficiency of Fe203 is unclear because the

inhomogeneities of thin films or polyérystélline materials make it

difficult to separate bulk‘effects from surface properties.

One of the main problems associated with the application of Fej03
photoanodes. 1s the intrinsic high resistivity of the hematite corundum
phase. Photoelectrolysis processes require high conductivity semiconducting

materials, and, unliké the binary oxides TiOj or W03, the corundum phase of

6

-

iroﬁ oxide has a low tolerance for deviations from an M203 stoichiometry.
As a result, it isvunderstaﬁdablyldifficult to_prepare_homogeneous semi~-
conducting samplés. It has been:propdsed that thé conductivity of unddped
Fe203 is actually due to Fe304 phase“‘inclusionjs.6 These phase incluéions are
characteristic of an inhomogeneous‘matefiél and it has been shown_that spinel
inclusions can also decrease the quaﬁtum efficiency of Fe203 photoanodes by
promoting extensive recombination of photogeneraﬁed electron—hoie paifs.6

It is possible to prepare ternary solid solutions of Fej03 with other binary

oxides, such as TiOZ,7 which are conducting without spinel phase inclusions.
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The homogeneity of these ternary compounds offers the advantage of being
able to examine the importance of bulk effects such as grain boundaries,
or surface properties such as surface states, in photoelectrolysis

processes without interference from extraneous phase inclusions in Fe503.

Among the more interesting ternary oxides involving Fe903 are the
solid solutions between Fe203 and 5109 or GeOj. Although silicon doped
iron oxides have been used as photoanod_e_s,8 they are difficult to prepare
as homogeneous materials due to the refractory nature of silicon dioxide;
however, Sanchez and coworkers were_able to prepare the solid solution

Fe,_,Ge 03 as polycrystalline sintered disks using gel techniques.9

-x-X
Sanchez suggested‘that the limit of solubility of GeOj in Fe90Oj ia less

than or equal to five mole hercent, and-showed that the conducting solid
solution has photoelectrochemical properties which.are similar to those

of Fep03 found in the literature. More recently Agafonov et al Aemonstrated
that single crystals of Fez_XGe 03 could be grown by chemical vapor
transport techniques.10 The results of Sanchez and those of Agafonoy
suggest that high quality conuucting single crystals of Fej._,Ge,03 can be
prepared and that this material would‘be sufficiently homogeneous ao«that_

the photoelectronic properties of conducting Fej03 could be examined

without interference from grain boundaries or phase inclusions.

In this paper we report the preparation of single crystals of Feg_yGey03
(x € 0.02) by chemical vapor transport as well as the characterization of
the crystallographic, electrical, magnetic, and photoelectronic properties
of these samples. It was found that single crystals of germanium
substituted FepOj3 crystallize with the corundum structure and are extrinsic

n-type semiconductors. In addition, the photoelectronic properties of
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Fe 9._4Gex03 crystals suggest the presence of a sub-band gap energy level

which may influencé,the photoelectrochemical behavior of Fep03 to a large

e'xtent .

Experimental

Single crystals of germanium substituted Fep03 were prepared by
chemical vapor transport using tellurium(IV) tetrachloride as a transport
agent. Approximately 1 gram of charge consisting of Fej03 (MCB reagent)
with 1 mole percent of elemental germanium was placed in a 15cm X l3mm
I.D. silica tube along with appro;imately 20mg of Te metal. The tube,was:
-then evacuated to below 1 micron and backfilled with 400 Torr of chlorine
gas then sealed. An identical procedure was used to prepare pure Fe203
crystals’for comparison, except that the addition of germanium to the
charge was omitted. The tuhes were then placed in three zone transport
furnace and after 24 hours of back transport from 800°C to ~450 c the |
charge was transported for one week. The temperature of the charge zone
was 885°C and that of the growth zone 790 C. After omne week'the furnace
was turned off and left to cool to room temperature, lhe tubes were then
removed from the furnace, opened under vacuum, and the product washed
with dilute nitric acid, rinsed with water, then dr1ed with acetone.
Platelets as large as 5 X 2 x 0.0lmm were grown using this technique,.and

the major face of .the.crystals, as determined by X-ray diffraction.was

the (001) basal plane.

X-ray powder diffraction was performed on ground single crystal
powders using a Siemens model DSOO.powder diffractometer'equipped with
monochromated Cu Eal radiation. Fast scans were carried .out using a

3

scan rate of 6° 26/min for phase identification. Slow scans for
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lattice parameter determination were carried out using a scan rate of
0.5° 268/min and lattice parameters were calculated using a least

squares refinement technique with the aid of a computer. All cell para-
meters were calculated using hexagonal indexing, and all cfystalline
directions referred to hereafter are with reference to the hexagonal unit

cell.

The electrical properties of samples were measured using the Van der
Pauwll four probe technique and all crystals were measured in the (001)
basal plane. Contacts to the samples were made using an indium~gallium
eutectic and the ohmicity of the contact was verified by repetitive
measurement of the resistivity at several different current magnitudes
between 10uA and 100mA. The variation bf the electrical resistivity
with temperature was measured using the same techniques except that the
ohmic contacts were provided by ultrasonic soldering of pure indium metal.
The carrier type of the conducting crystals was determined by qualitative

measurement of the Seeback voltage at room temperature.

The magnetic properties of ground single crystal powders were
investigated using an S.H.E. Corporation)"SQUID“ susceptometer. The
magnetic susceptibility of samples wés méasured at varying field strengths
between 5 and 25kG in the temperafure region between 200K and 10K to
examihe the field dependence of the sample Susceptibility at various

temperatures.

Electrodes of germanium substituted Fej03 were prepared by mounting
the crystals on a copper plate with an indium-gallium eutectic to provide

an ohmic contact. The copper plate was attached to a glass sheathed

metallic lead, and the entire assembly was insulated with a silicon resin
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so that only the (001) basal plane of the crystal was- exposed.-  During
the electrochemical experiments‘the electrode was susﬁended in solution
and ‘periodically examined for changes in dark currents’ which could be

indicative of leaks in the insulation.

. - . -
*

The photoeléctréchemicél’properties of sampleé were inveétigaged

using-an Pine RDE-3 pdtentiostat in a standard three electrode cogfigu;ation

with a platinum éouﬁ;ér eiectrode and an S.C.E; reference-electrodebin an
all duartz cell, Two types of'illuﬁination sourdeé were used: a 300W
tungsten—-halogen lamp or a 150W higﬁ preésufe Xénon arc lamp. D.C.
photocurrent expériments were perfofmed with illumination from the tungsten-—
halogen lamp, which was péssed through an I.R. filter then'focuséd on the
sample.- The intensity of the focused light in this teéhﬁique was
approximately 30mW/c¢m2 as'determined.with a ‘calibrated Epply thermopiie.
A.C. éxperiments~were Carried out using Xenon arc lamp illumination which’
was passed through an I.R. fiiter.and'a moﬁoch}omator before being focused
with.a quartz lens on the sample. For A.C. measurements using mohOcﬁrométic
radiation a Bulova tuning fprk_chopper (model }40C) operating at 150 Hz
was moﬁnted at the exit(slit of the m6nochromator. The A.C.vphotocurrent
was detééted using a PAR ﬁOdg% 124_lo¢k—in amplifier eﬁuipped.with a
modei 117 preamp opefating in the differential mode. For rec#ified
photocurrent measurements a 0 — 10 V voltage rectifier was employed in

the manner indicated in reference 16; Quantum efficiencies were.determined
by calculating the number of electrons generated in the A.C. photocurrent
per number of photons striking the semiconductor surface. The photon flux
was measured with the same A.C. techniques using a calibrated silicon

photodiode.
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Capacitance measurements were carried out using the method of Horowitz12
with the equipment previously described by measuring that part of a 10 - 20 mV
A.C. signal passing through the cell which was in quadrature with the

initial reference phase.

Electrochemical investigations were done in two media: 1 molar NaOH
‘and 1 millimolar quinhydrone in 1 molar NH4NO3. The basic solutions were
prepared using:distilled deionized water and Mallinckrodt Analytical
grade NaOH pellets. The experiments with quinhydrone required a neutral
%edia to avoid decomposition of the couple, and 1 molar NH4NO3 served as
an electrolyte to provide sufficient solution conductivity. For experiments
utilizing the quinhydrone redox couple, recrystallized quinhydrone was
used and all work was done under argon to avoid oxidation of the couple
during the experiments. All voltages herein will be reported relative to
the saturated calomel electrode (S.C.E.) whose potential is 0.242 V

relative to the normal hydrogen electrode.

s

Results and Discussion

I)  Preparation and Crystallography

<

The results of the crystal growth experiments show that germanium
substituted Fej03 can be grown under the same conditions as pure Fe03.
Alpha-Fe903 itself crystaliizes with the corundum structure which can be
described as a hexagonal close packed array of oxygen anions in which two
thirds of the octahedral interstices are occupied by cations. X-ray
diffraction powder patterns of the substituted and pure ground single
crystals indicated single phase corundum patterns in all cases. It was
concluded that the germanium substituted and pure materials are therefore

isostructural. The major face of the single crystal platelets was the
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- (001) basal plane, and the least squares lattice parémetefs determined
for the substituted and unsubstituted materials are -listed in Table 1.

along with some supplementary results for comparison.

It is seen‘in'Table 1 thaf the lattice parameters of germanium
substituted Fey03 are virtﬁally in the same as those of pure'fe203.
' The results are in good agreement with the examples given for single
crystals prepaféd by similaf techniques. The crystallographicvresults
are insufficient to determine either the composition of the' solid solution _
or the site occupancy of germanium-in the cdfundum‘lattice; however,
elemental analysis of the crystals using é’scanﬁingvelectron miéroscope -
equipped with a Kevex prdbe showed germéniﬁm at the limit of detection of
the instrument in the substituted crystals. 'The detection limit of tﬁé
Kevex probe used was about one atomic percent, and these results suggest
that the germqnium concentration in' the éubstitutéd crystals is around
twd mole percent or less. Agafonov suggééted on the basis of neutron
activation analysis that the solubility Limit of GeOj in Fep03 is near, two
mole percent;lo Thus, it is likely tha; the apparent lack ofl;hangg in
the lattice parameters of the germanium subséituted Fep03 relative to the

pure phase is due to the small amount of germanium substitution.
II) Electrical Properties

Room temperature r%sistivity measurements of germanium substituféd
and pure Fej03 show a dramatic difference between the two materials: the
incorporation of germanium into the Fep03 lattice lowers the' resistivity
of Fej03 by at least six orders of magnitude. The resistivity of single
crystals of Fep_,Gey03 (x < 0.02) is 5 * 4 Q cm while that of pure Fe03

crystals grown under the same conditions is gréater ‘than 106 @ cm.
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Qualitative measurements of the Seebeck voltage showed the substituted

material to be an n-type semiconductor.

The plot of log p versus 1/T between 77 and 300K for germanium
substituted Fe)03 is shown in Figure 1. The impurity ionization energy
which can be calculated from the slope of this graph is 0.12 eV. This
value is much less than the optical bandgap of Fej03, therefore, the
electrical properties of germanium substituted Fe903 indicate that it is
an extrinsic n-type semiconductor. These results are consistent with the
interpretation that the insertion of Ge(IV) in the corundum structure
leads to a reduction of iron(III) to iron(II). Conduction can be considered
to occur via electron hopping between iron(II) and iron(III), and the
observed activation energy is consistent with that reported for other
mixed valence iron oxides.l3 These results are also consistent with
those of Sanchez et al who found that the resistivity of the solid solution

between Fe203 and GeOz decreases with increasing Ge02 content.9
II1) Magnetic Properties

Although the X-ray diffraction patterns of the single crystal powders
indicated that the corundum structure was the only phase present, the
possibility exists that Fe30, phase inclusions beyond the detection limit
of diffraction might be present because Fe30,; phase inclusions in FejO0j3
will also produce a semiconducting material. The presence of Fe304, phase
inclusions in Fe903 can be detected by measuring the magnetic susceptibility
of a material at various field strengths. If Fe304 is present, a Honda-
Owens Plot of susceptibility versus the reciprocal field strength will
show a positive slope which will persist with decreasing temperature.

Thus, to investigate the possibility of spinel phase inclusions in the
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’single'cfystals the magnetic properties of single crystal powders were -

" examined.

The Honda-Owens plots representing the variation of magnetic
susceptibility with reciprocal field strehgth at different”tgmperatufes
below 200K for substituted and fure Feo03 are-presented-in Figure 2.
Although the magnitude of the susceptibility of the two éamﬁlés is
’ﬁhé same, germanium substituted Fe203'éhows éuweak field depéﬁdenée which’
dééreases with'&écreaging'teﬁperature. If FéjO& ﬁhase inclusions were
‘présent in‘this materigi a constant field 'dependence at different
- temperatures should be expected with little or no interference from Fééég
because hematite is antiferrqmagnetically ordered in this'femperatdté
region, as verified in Figure 2, and the experiments were performed well

below the Curie temperature of Fe30j. ' ' \

The magnetic p;operﬁies of germanium gqbstitqted;Fe203‘are not
consistent with spinei phase inclusions and can be interpreted és indicating
weak ferrimagnetism oruparasitic paramagnetism.l4 These results suggest
that the substituted material is ﬁomogenebus with magnetic propefties -

most likely arising from itinerant electrons associated with iron(II) in

i

the corundum lattice. 1In principle, if this material obeyed the Curie-
Weiss relation in this temperature.region the extent of charge compensation

resulting from germanium substitution could be estimated from Uaffs3

-

however, this analysis is not justified in light of the apparent complexity

3

of the magnetic behavior.
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IV) Photoelectronic Properties

Photoelectrochemical investigations were performed on ;he (001)
basal plane of the germanium substituted a-Fe903 crystals in one molar
NaOH solutions. Cyclic voltammograms registered in the dark showed dark
currents well below five microamperes per cm? in the region between -1.0
and 0.7 V versus the S.C.E.. At potentials more cathodic or anodic of
these values larger dark currents wére observed. The cathodic dark
current is presumably related to hydrogen evolution, while the anodic
current is probably related to a breakdown of the diode behavior resulting
in the oxidation of water to oxygen gas. This behavior is characteristic

of an n-type photoelectrochemical diode.

D.C. voltammograms under illumination using a tungsten—halogen lamp
with slow chopping of the light beam showed photocurrents on the order of
500 pA/cm? at 0.5 V versus the S.C.E. as shown in Figure 3. These
photocurrents are most likely due to the photosensitized electrolysis of
water or hydroxide ion to 0y at the semiconductor surface. Continuous
cycling experiments showed that material appeared stable under illumination
and no tarnishing of the crystal surface was observed. The qualitative
behavior of the single crystal electrodes is in good agreement with that
of polycrystalline materials reported in the literature except that no
photocathodic currents were ever observed at potentials negative of the

photocurrent onset potential.

A plot of the quantum efficiency versus wavelength at zero bias for
germanium substituted Fe903 is shown in Figure 4. The quantum efficiencies
of all crystals measured was on the order 0.005 to 0.1 in the region

between 600 and 350nm. The bandgap information which can be extracted
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from these results show the lowest interband optical transition, which has
» previously been characterized as‘indirécc,15 to be located.at aboqt 550nm.
This corrcaponds to a‘Qaluc of abput 2.2 eV, in good agrecment‘with
1itefature_ya1qes. The low quantum efficiencies reported hare have been

.observed by numerous investigators and appear typical of hematite photoanodes.

"The photocutrent onset potential of gcrmanium substitutéd_Fe203 was
determined using A;C.'techniques,*and the results were analyzed using the
method of Ginley and Butler.l” The'gfaph_cf,lih versus voltage, shown in
»Figurek5,'has an x axis interéept at approximately -0.500 V versus the
S.C.E. at,pH 14.' Itjmay'be concluded on the basis of thesé’ results that
the flatband potential of germanium doped Fej04q-indicated by photocurrent

measurements is in good agreement with the literature values ofv—0.6 v

determined by capacitance measurements of both polycrystalline materials

L

and single crystal samples such as the (lll)_face of Zr dopéd Fe20312 and

4

the (012) face of Pb doped.Fé203.18
' . r - - p

As an additionai check of the flatband'éotential, capacitance
measuremencs were performed at 10kHz using the methcd of Horcwitz.12  The
Mott-Schottky plot for these experiments is shown in Figure 6.- There are
two features in this plot: first, an x axis intercept of approximately
-0.95 V and secondly, an apparent change in slope at about -0.6V. The
intercept of the Mott-Schottky plot indicates a flatband potentiai of
around ;0.95 V and is in good agreement with the calculations of Horowitzl2
and the measurements of Gissler.#Cc The apparent change of siope in the
plot is similar to that observed by Kennedy and coworkers/ ana has been .
ascribcd to deep 1ying impurity }evélé in the baadgaﬁ. It is believed

that these levels become occupied at biases cathodic of where the change
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in slope occurs, thus changing the capacitance of the space charge layer.
There is a close coincidence between the photocurrent onset potential and
the potential where the slope of the Mott-Schottky curve changes. This
suggests that the deep lying impurity levels must be ionized before

photoelectrolysis can occur.

Given the flatband potential, the activation energy from the electrical
measurements, and the relafive position of the donor levels as indicated
on‘the Mott-Schottky plot, a hypothetical energy diagram may be constructed
for germanium substituted Fe903 in the (00l) zone. This diagram is
presented in Figure 7, and is similar to that presented by Kennedy and

coworkers.’

To investigate the role of the impurity levels during photoelectro-
chemical processes at the Fep03 surface a redox couple was chosen whose
potential is close to that of the postulated donor levels. The potential
of the quinhydrone redox couple, 0.699 V versus the N.H.E., fits this
criterium. This couple has a potential which is pH independent with

i

res?ect to the hydrogen couple except in alkaline solution where decompo-
§

sition of the couple occurs. The quinhydrone couple lies slightly below

the%postulated donor levels in Fe903, and if these were electrochemically

active this might be observed with quinhydrone.

Thg results of the quinhydrone experiments are shown in Figure 8.
In the dark, the quinhydrone couple shows partial rectification, as
observed by Fredlein and Bard.l9 In other words, the reduction of
benzoquinone is present while the oxidation of p-hydroxyphenol is not
observed. The cathodic current in the dark may.be interpreted as a

donation of electrons from the impurity level to the solution. This will
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occur if the energy distribution‘of the oxidized species overlaps the
.position of the impurity energy level at the semiconductor surface. When
theielectrochemical potential of the semicpnductor lies cathodic of the )
impurity level, the impurity level will be occupied and may donate
electrens'te oxidized species at the surface; Oxidation.of reduced
species not be observed if the energy of the reduced species lies sufficiently
anodic cf the sub—bandgap'energy level. Thus, the behapior of the quinhydrone
couple in the dark is consistent with the previously proposed energy diagram
for germanium substituted Fe903. ' - |
_The'behavior of;the quinhydrone couple under illumination is more
compiex due to the presence of two oxidizable species in solution:
p-hydrOxyphenol and water. Under illumination with white light only an
anodic photocurrent is observed.- The anodic photocurrent is most likely
due to a combination of the phctosensitized oxidation of both reduced
species‘in solution. 'in fact:‘the increase in the cathcdic current
indicative éf the'reduction-of henzcéuinone shown_clearly that p—hydroxy—

I3

phenoi is being oxidized near the semiconductor‘surface; however, it
. . S . PREEE

possible that this oxidation may be mediated by an. intermediate species

‘such as hydroxyl'radical because the HZO/OZ couple lies closer to the

valence band of Fej03 than p~hydroxyphenol and therefore the oxidation of
water is more energetically feasible. This hypothesisvis also supported
by the fact that the oxidation of p-hydroxyphenol is known to be slow and
not controlled by diffusion,l9 as shown in Figure 8.

The electrical properties of germanium doped Fe203, coupled with the

results of the quinhydrone experiments ‘and the measurements of the apparent

N

flatband potential using both capacitance and photocurrent techniques,
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suggest that the efficiency of Fej03 photoanodes is limited by the bulk
electronic structure of the material. The presence of a sub-bandgap energy
level below the conduction band of Fep03 is an intrinsic characteristic

of the electronic structure, and, despite the fact that this energy level
apparently interferes with the efficiency of the photoelectrolysis process,
it is this same energy level which is probably responsible for the
semiconducting characteristics of doped Fep03 which are necessary for
photoelectrolysis to occur at all. 1In addition, the differences between
the flatband potentials measured by two different methods show that this
impurity level must be depleted of carriers in the space charge region
before photoelectrolysis can occur. Thus, it is suggested here that the
substantial bias necessary for large photocurrents with Fe 703 photoanodes
is necessary to create a sufficiently large potential gradient in the
space charge layer so that trapping of photogenerated electrons in this

sub-bandgap energy level may be overcome.

Other authors have discussed the problems of backreactions occuring
at Fe203 photoanodeslg’20 and it is possible that the backreactions, as
evidenced by transient cathodic spikes in the chopped photocurrent curves,
~are mediated through the proposed sub-bandgap energy level, Furthermore,
it has been proposed that the transfer of holes to the surface of Fejp03
may proceed via deep lying irom e2 energy levels in the bandgap near the
valence band.2l This would imply that recombination processes in the space
charge region of Fej03 could be extensive because of the possibility of.

very low hole mobility in addition to electron trapping.
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Conclusion

It hdélbeen.shown that thevtérnary.solid éolution Fep_,Ge;03 where
0 <x <€ 0.02 c;ﬁ be grown as~siﬂgle crystals by ghemical vapof transport.
Germanium substituted Feg0j crystallizes with the corundum structure and
is an extrimsic n-tyfe’semiéonductor baving a room tempér;ture resistivity
df 5 i 4 Q cm and an activation energy of about Q,}Z eV. Mégpetic
Susceptibilityfstudies suggesé that:the conductivity ?f the samplgs arises
from charge ;oﬁpensqt;on resulting frpﬁ reduction 6f'iron({11) to iron(II)
upon substitution of Ge&IV) in the structuré. Thus; a homogeneous con-
duc;ing cdrunduﬁ phase.of Fe903 can ﬁe.preﬁarea_;hyoﬁgh the use of thig

ternary solid solution.

The photoelectronic properties of germanium substituted Fe9O3 crystals
suggest that the low quantum éfficienty of Fe703 photoanodes is related to
energy levels near the conduction band of Fej03. The low duantuﬁ efficiency
. cannot be explained on the basis of such éffecggkgs grain boundary recombina-
tion because the.Samé dpantum effipieﬁcy has been observed with polycrystal-
line samples_as was found with single grystals.. The comparison of the
flatbapd.potential determined by photocurrgnt measuremépts wi;h that
determined using capacitance techniques implieg that an,energy.level near
the conduction band of Fe,03 must be ionized before photoeléc;rolysisncan
occu£. The ionizea enérgy»level may then lead to extensive regdmb;nation
of photogenerated elecfron—hole pairs in phe spacefcharge,léyer and

therefore lowered quantum efficiencies.

The deep-lying energy levels in Fe03 are most likely intrinsic
- characteristics of the electronic structure of this material. Electronic

structure calculations22 and optical studies of hematite23,2 support the
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idea of a complex electronic structure in the bandgap of a-Fe203; however,
the influence of energy levels in the bandgap on photoelectrochemical
properties of semiconductors is not well understood. o-Fej03 énd many
other semiconducting transition metal oxides have energy levels in the
bandgap due to crystal field splitting of d-orbitals of the cation. The
importance of these levels may be underestimated in interpreting the

photoelectrochemical behavior of these materials.
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FIGURE CAPTIONS

Figure 1 Log p versus 1/T for germanium substituted Fe203.

Figure 2 X versus 1/H for Fej0j3 (closed circles) and germanium substituted
Fe503 (open circles).

‘ Figure 3 D.C. cyclicrvoltammogram for germanium substituted Fe03 electrodes
in 1M NaOH with chopped illumination.

Figure 4  Quantum efficiency (n) versus wavelength for germanium
substituted Fe503 at zero bias in 1M NaOH.

12

ph , _ .

Figure 6 - 1/C2 versus voltage  for germanium substituted Fe,03.

Figure 5 versus voltage for germanium substituted Fe203.

Figure 7 Hypothetical energy diagram for Fe203.'

Figure 8 D.C. cyclic voltammogram for germanium substituted Fe203 in 10 =3y
: ‘'quinhydrone in. 1M NH4NO 3 (dotted line - dark; solid line - under
illumination).
Inset: cyclic voltammogram on platinum.
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TABLE 1
Charge a (A) c (4) |
Fe 03 5.033 (2) 13.75 (1)
Fep03 + 1% Ge 5.033 (2) 13.74 (1)
Fe,03 (ref. 6) 5.033 13.755
(ref. 10) 5.035 (4) 13.753 (4)

Fe Ge 0
1.986 0.014 3
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ENERGY DIAGRAM FOR Fe,O5
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