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ABSTRACT 

Polycrystalline sintered pellets of a-Fe2o3 have been studied by 

capacitance and photoelectrochemical techniques~ The pellets exhibit (i), 

photocurrent saturation at a given wavelength with increasing applied 

voltage, (ii), large dark currents at low applied voltage (·0 .. 76 ~A cm-2 

at +0.2 v.SCE), (iii), cathodic and anodic photocurrent transients at low 

levels of monochromatic irradiation, (iv), photocurrent onset at photon 

energies greater than 2.1 eV and (v), flat band potentials of -O.fi7 v. SCE 

at pH = 14. Capacitance measurements followed a Matt-Schottky relationship 

indicating a predominance of the semiconductor space charge layer over 

surface states and electrolyte effects. No degradation of the semiconductor 

properties could be observed at pH = 4. 
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INTRODUCTION 

Interest in the production of hydrogen and oxygen utilizing the solar 

spectrum and semiconductor electrodes has led to a search for anodically 

stable semiconductor electrodes with a low band gap (2.0 ev) 1 ~ 11 . The 

generation of the electron-hole pair in n-type semiconductor surfaces 

by visible radiation results, under anodic polarization, in a movement 

of the electron into the bulk of the semiconductor leaving the hole at 

the semiconductor surface. The hole can either react with a species in 

2 

the electrolyte e.g. H2o and produce oxygen or it can react with a component 

of the semiconductor e.g. x- and produce X with a degradation of the semi-

conductor surface layer. The latter process is by no means satisfactory, 

the degradation of the surface layer of the semiconductor resulting in poorer 

optical r_esponse due the accumulation of an optically d~nse material (S 

in CdS) or material loss from the semiconductot· (Si). The hole left in the 

semiconductor surface must react with a species in the electrolyte and 
\. 

this species should, under ideal conditions, be water itself. 

Semiconductor electrodes e.g. Ti02
12 ' 13 , SrTi03

14 have bee~ shown to be 

able to produce oxygen upon illumination under anodic polarization. However, 

all such semiconductors have band gaps of 3.0 eV or greater and so require 

UV radiation to produce the electron..,hole pair. When attempting to use the 

solar spectrum, this wavelength response is far from satisfactory and 

so attempts to find an anodically stable small band gap semiconductor 

have been initiated. 

One such material which has shown promise is Fe2o3 with a band gap of 

2.2 eV. It has been shown to be anodically stable5' 6' 9' 15 . ·Studies of 

both single crystals5 and thin films6' 9' 15 of Fe2o3 have shown that the 

onset of the- photocurrent- does- occur at approximately 2~0-eVarra-that-for pW 

greater than 4, the photocurrent shows no deterioration under anodic 
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polarization even after several hours continuous operation and many experiments 

over several weeks. We report here the investigations carried out on 

polycrystalline Fe2o3 sintered semiconductors. 

When a semiconductor electrode is contacted by an electrolyte16, 

an equilibrium is establisheq in the system which is determined by the electron 

affinity of the semiconductor and the reduction potential of-the reacting 

species in the solution. Surface states on the semiconductor may affect the 

equilibrium. The electron affinity and the reduction potential of the 

electrolyte thus determines the amount of band bending between the bulk of 

the semiconductor and the semiconductor surface at equilibrum. For highly 

doped semiconductors the Fermi level of the semiconductor and the conduction band 

level are considered to be isoenergetic so that the amount of band bending 

near the semiconductor surface is the difference between the conduction 

band before the ~stablishment of the equilibrium and the flat band potential 

EF8; a measure of the conduction band of the semiconductor surface after 

equilibrium is established. 

The capability of a given semiconductor electrode to drive a given 

reduction reaction is determined by the amount of band bending. If the 

band bending is too small, additional external biasing of the electrode will 

be needed to enable the chemical reaction to proceed. From capacitance 

,,; measurements, values of the flat band potential can be obtained and hence 

decisions as to whether or not a chemical reaction will proceed at the 

electrode can be made. We measure the flat band potential for polycrystalline 

Fe2o3 sintered semiconductors and comment on the feasibility of hydrogen 

and oxygen production at this single electrode. It has been shown2' 3 

that, for the photoelectrolysis of water, a suitable photoanode should 

have a flat band potential at least as negative as that for SrTi03 i.e. 

-1.2 v-SCE at pH= 13.6. 
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EXPERIMENTAL 

Sintered pellets of Fe2o3 were prepared by the standard ceramic 

technique and was similar to the procedure used by Morin 17 . The Fe2o3 
(Allied Chemical Reagent Grade) powder was mixed with Ti02 powder (Allied 

Chemical Reagent Grade) in known Ti/Fe atomic ratios by wetting both powders 

with doubly distilled water and agitating the resulting slur~y vigorously 

for 30 minutes. The slurry was then dried at 60-70°C at 500 torr and 

the resulting dry powder was crushed. The mixed powder was pelleted at 
-2 1500 kg em into pellets· of typical dimensions 1.3 em (diameter) x 0.1 

em (thick). The pressed pellet was fired at 1100°C for 16 hrs. in air. 

The resulting Fe2o3 polycrystalline pellet was black with resistivities 

varying from lOOOn-cm to 10 10 n-cm depending on the Ti content of the 

original powder. The higher the atomic% Ti, the lower the resistivity. 

The samples were n-type as determined by both photoeledrochemical and 

capacitance measurements. 

Electrical contacts to the Fe2o3 pellets was made with Ag epoxy on one 

side as an ohmic contact and the __ electrolyte on the other. The photo­

electrochem1cal cell (PEC) and accompanying equipment used in this work 

is shown in Fig. 1. The reference electrode was a saturated calomel electrode 

and the counter electrode was a carbon rod. The exposed semiconductor 

surface area in all experiments was 0.071 cm2. The Fe2o3 was sealed to 

a black plexiglass support by gray Silicone Adhesive (RTV 3145 Dow Corning) 

and the support mounted in the pyrex PEC'cell. The window of the cell ....... 

was quartz glass. 

Current-voltage measurements were recorded with a PAR 173 Potentiostat 

and a PAR 179 Digital Coulometer. The light was a 450 Watt Xenon arc 

which was monochromatized with a Bausch and Lomb 33-86-02 VisTble Monochromator. 

For wavelength greater than 500 nm, a Corning C$3-73 colored glass filter 
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was used to remove 1i ght ·of the second order. The entrance to exit s 1 H 

ratio was set at 1.8 with an exit slit of 2 mm and a resulting bandwidth of 

12.8 nm. Photocurrents were recorded every 20 nm from the onset of the 

photocurrent at 600 nm to 360 nm. 

As shown in Fig. 1, the light path was split and a sample beam passed 

5 

to a photomultiplier tube (PMT) with a 200-600 nm spectral r-esponse (RCA 6903) 

which together with suitable filters allowed a monitoring of the irradiance 

on the semiconductor when mounted in the PEC cell at any time during the 

experiment. Fluctuations of the source irradiance could then be corrected 

for in all photocurrent measurements. Typical irradiances were 1.06 mW cm2 

15 -1 -2 at 520 nm corresponding to 2.8 x 10 photons s em . To fufther improve 

the stability of the calibration data, the reference light beam was modulated 

at a fixed frequency and the signal detected with a PAR 120 lock-in amplifier. 
' . 

This ensured that.dark drifts in the PMT would not shift the values of 

the irradiance. The initial calibration of the PMT was carried out using 

a Hewlett-Packard Radiant Flux Meter (8330A) and Detector (8334A) with 
·- . 

the detector mounted in the position of the PEC cell. 

Capacitance measurements were carried out using an external bias 

(Heath Reference Voltage Source), a 1650A General Radio Company Universal 

bridge with an internal 1 kHz oscillator and a Keithley 151 Microvoltmeter. 
I 

The voltage source provided a reference voltage between 0.0 and + 1.0 

volts. These voltages were applied through the Universal Bridge in the 

capacitance mode between the working Fe2o3 and the counter carbon electrodes. 

The voltages applied to the working electrode were converted to voltages 

with respect to the reference SCE electrode by switching in the microvoltmeter 

prior to measuring the capacitance, measuring the voltage with respect 

to the SCE electrode and then switching out the microvoltmeter to measure 

the capacitance of the working electrode. 
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The electrolyte contact to the Fe2o3 pellets was, in all experiments, 

prepared with 0. 1M K2so4 as the supporting electrolyte and was either 

buffered at pH 4~01, 7.00, 10.00 with Mallinckrodt AR. buffer solutions or 

prepared at unbuffered pH 6.75 and 14.00 byadjusting the O.lM K2so4 solution 

with sodium hydroxide. All chemicals were AR grade and all measurements 

· of the photocurrents were carried at 295 K. A 11 photocurrents were steady 

state measurements. 

Resistivities of the sintered Fe2o3 pellets were measured by DC and 

AC re~istance probes, the two results agreeing within experimental error. 

RESULT~ AND DISCUSSION 

a) Resistivity Measurements 

Sintered polycrystalline pellets of Fe2o3 have large resistivities at 

room temperature and are basically intrinsic semiconductors with a band 

gap of approximately 2.0 eV. Like other intrinsic semiconductors, the 

electrical properties can be modified by doping the semiconductor with 

either electron donors (n-type impurities) or electron acceptors {p-type 

impurities). Titanium dioxide powder, when mixed with the Fe2o3 powder 

and subsequently pressed and ,sintered, enters the a-Fe2o3 l.attice 

substitutionally as Ti+4 resulting in an Fe+3 Fe+2 charge transfer 

to maintain charge neutrality in the bulk semiconductor. The effect was 

first reported by Verwey18 and more recently applied to Fe2o3 by Morin17 

to produce n-type semiconducting material. It was shown that increasing 

amounts of Ti atoms produce lower resistivities at room temperature. 

·Using a technique similar to that used by Morin (see experimental section), 

pellets were made with resistivities from approximately 1000r2-cm to 1010r2-cm. 

Low concentrations (less than 0.1 at.%) of Ti affect the resistivity the 
------ ----- -· 

greatest while concentrations greater than 0.5 at.% Ti have no effect 
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on the resistivity, the resistivity leveling off at 700n-cm for at.% Ti 

0.5. In all subsequent work, resistivities of 700n-cm are used corresponding 

to 1.0 at.% Ti. 

b) Capacitance Measurements 

Varying the voltage between the working electrode and the counter 

electrode results in a change in capacitance of the working electrode 

and when plotted as a Matt-Schottky relation16 (eqn. 1), a straight line is 

obtained at all pH in the range 4 - 14 (Fig. 2) 

= ( 1 ) 

where C is the capacitance (F cm-2) in the space charge region of the semi­

conductor showing that other capacitance due to the Helmholtz and Gouy 

layers and any charged surface states must be too large to be important. 

U is the applied voltage (volts) with respect to the SCE,q the electronic 

charge (C), EtJ the permittivity of free space (F cm1), £the relative dielectric 

constant of the Fe2o3 semiconductor in the space charge region and N0 
the ~onor density (cm-3). Since the real surface area of the polycrystalline 

sintered pellet is unknown, N0 cannot be obtained from the Matt-Schottky 

slope. 

~ The flat band potential of the semiconductor at a given pH is obtained, 

· . .,) 0 however, by extrapolating to zero on the l/C2 ax'is. Values of the flat 

band potentials at various pH are shown in Table 1 and the effect of the 

pH shown graphically in Fig. 3. The slope of the straight line fit to 

the data obtained from a linear least squares analysis is approximately 

56 mV/pH unit indicating that the surface of the polycrystalline Fe2o3 
sintered semiconductor is chemically stable under the conditions applied 

here19 . 

Table 1 summarizes the data obtained both here on the polycrystalline 



sintered Fe2o3 and that on thin films 15 and single crystals5. The data 

for the voltage at which the onset of the photocurrent is seen to occur is, 

in an ideal case, equal to the flat band potential. The discrepancy between 

the two sets of data is not explicable at present. Nevertheless, the 

reiults obtained on the different types of semiconductor are in reasonably 

good agreement at alkaline pH while at acidic pH a significant discre~ancy 

between the thick film and sintered pellet data is observed. Unfortunately, 

no single crystal data was available for comparison at low pH. It should 

be noted that the thin films showed instability at pH of 4 while no degrada-

8 

tion of the semiconductor could be observed, the photocurrents becoming 

steady after the typical initial decay (see next section). Possibly the 

method of preparation of the thin films of Fe2o3 made the thin films more 

amenable to acid degradation since thin films-of Fe2o3 prepared by different 

techniques have been shown to be stable even at a pH of 49• As further 

evidence of the stability of the polycrystalline sintered Fe2o3 at pH 

of 4, it can be seen in Fig. 3 that the flat band potential estimated 

from the capacitance measurements at a pH of 4 lies on the straight line 

connecting the flat band potentials measured at higher pH. Degradation 

of the semiconductor surface is indicated in such plots of flat band 
1 

potentials versus pH by a strong deviation from the straight line at 

values of the pH where the degradation occurs. This effect is related 

to the protonation of the oxide semiconductor surface when in contact 

with an electrolyte and the resulting changes in the charge distribution 

in the space charge region of the semiconductor associated with this extra 

adsorbed charge. Variation of the electrolyte pH changes the protonation 

of the semiconductor surface which in turn results in an approximate 60 

mV/pH unit change in flat band potential. Any degradation of-tnesemiconduct-o=r:-----------­

surface will result in a new surface which, in all probability, will not 

accumulate protons with an identical capacity to the undamaged surface 



and so will not change the flat band potential by the normal 60 mV/pH 

unit. 

No capacitance measurements on the thi~ films were reported so that 

estimates of the flat band potential were only available from the data 

u. on the voltage onset of the photocurrent. As can be seen in Table' 1, 

a large discrepancy between the onset voltage and the flat ~and potential 

exist in both the polycrystalline and single crystal Fe2o3. 

c) Photoelectrochemistry 

Steady state photocurrents were recorded after the initial anodic 

photocurrent transient, observed with monochromatic irradiation, decayed 

after several minutes. A cathodic photocurrent transient lasting seconds 

also was observed with thin film Fe2o3 and can be seen with polycrystalline 

sintered pellets upon the removal of the radiation. As with thin films, 

the transients (cathodic6 and anodic6' 9) merge into the photocurrent itself 

. at high intensity white light irradiation. The postulate6 of a light 

intensity-independent back reaction competing at low level monochromatic 

irradiations with the forward electron injection into the conduction band 

would require a high density of surface states at which the back reaction 

could occur and which are only significant in the back reaction. Having 
•i 
1 no effect on the forward reaction, the surface states do not influence 

\~) the capacitance measurements allowing a linear Matt-Schottky effect to 

be observed. This is not unreasonable on polycrystalline thin film and 

s intered pe 11 ets. However, the effect might be expected to be reduced 

on a clean single crystal surface. No results on the transient effects 

on single crystals were available. Nevertheless, the photocurrent increases 

linearly with the irradiance at all wavelengths studied. 

The polycrystalline sintered Fe2o3 electrodes showed sizeable dark 

currents at low applied voltages (+0.2 v. SCE; 7.6 x 10-7 A cm- 2) which 

9 



increased rapidly at anodic voltages greater than +1.0 v.SCE. The presence 

of both surface states and grain boundaries at the surface of thee poly­

crystalline Fe2o3 inhibited the formation of a true depletion layer 

characterized in the single crystal Fe2o3 by no large dark currents even 

at applied voltages of +5.0 v.SCE and a saturation in the photocurrent 

versus applied voltage response5. A degree of saturation can be,seen 
.· ' . {~ .. 

in the photocurrent - applied voltage response cuhies (Fi.9:. 4'),~:-of the 
t . ( .. -.- . ;. .• \· ' j~~-~~4, -. ( ~;~--< ~r.· .. ": ~~.? _· ... ~~- . 

polycrystalline sintered Fe2o3. The sintered pellet, 1_1e,s. 1nter::med1a:!e. >· 

between the polycrystalline thin films6' 9 and the single crystal. 5 ~~ 

plot of efficiency (electron/incident photon) versus wavelength at pH 

6.75 is shown in Fig. 5, the onset of the photo-effect occurring near 

600 nm corresponding to a band gap of approximately 2.1 eV. 5' 6 

Going from acidic to alkaline pH results in a cathodic shift in the 

onset voltage of the photocurrent and a plot of V
0
n versus pH results · 

in a straight line with a slope of approximately 60 mV/pH_.unit. Similar 
. : ' ~ . . . 
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work on Ti02 single crystal electrodes gave also a slope of 60 mV/pH unit 

attributable to the presence of the protonated semiconductor surface layer. 19 

20 2 -1 -1 . ' 
Using a value of 0.1 em V s for the mobility of the electron 

in Ti doped n-type Fe2o3 and a value of lOOn-em for the resistivity 

{1.0 at.% Ti), the ionized donor density (Ti+4) can be calculated to be 

. 8 x 1016 cm-3. Using this approximate value for N0 and the Matt-Schottky 

relation (eqn. 1), the real surface area of the polycrystalline sintered 

Fe2o3 pellet is 1.04 cm2 which gives a real to apparent surface area of 

15. In the calculation of this value, the value of 120 was used for the 

relative dielectric constant of Fe2o3
5 Thus, although the real surface 

area is larger than the apparent surface area for a polycrystalline sintered 
--

Fe203, little more can be drawn from these numbers due to the large 

,, 
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uncertainties in the mobility and the dielectric constant. 

CONCLUSION 

Iron oxide can be formed into n-type semiconductor by doping with 

Ti atoms and sintering the pellet to obtain a polycrystalline semiconductor 

intermediate in properties between the polycrystalline thin film6' 9 and the 

single crystal 5. The net photocurrent saturates with increa;ing anodic 

polarization due to the depletion layer formed at the semiconductor electrolyte 

interface even though large dark currents are observable at as little 

as 1.0 v.SCE. The photocurrent onset occurs at increasingly cathodic 

potentials with more alkaline pH with a flat band potential of -0.6 v. SCE 

at pH of 14, typical of most oxide semiconductors. Thus, even though the 

spectral response of the Fe2o3 is a fairly good match with the solar spectrum, 

the flat band potential is insufficiently negative (less than -1.20 v.SCE) 

to be able to produce hydrogen from water even though stable oxygen evolution 

is observed. 21 To act in a self-sufficient solar cell, therefore, it. 

must be combined with a stable p-type photocathode. We are, at present, 

conducting research in this area. 
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· LIST OF CAPTIONS 

Fig. 1. Experimental Equipment for measuring Photoelectrochemical 

Properties of a Wqrking Electrode. 

14 

Fig. 2. Applied Voltage Effects on the Capacitance of the Fe2o3 - Electro­

lyte Interface measured at a frequency of 1 kHz. Electrolyt~ 

0.1 M K2so4 at a pH of e, 4.01 (buffered); ·o, 10.00 (buffered); 

x, 14.00 (not buffered). 

Fig. 3. Hydrogen Ion Concentration Effect on the Flat Band Potential 

(EFB) and the Onset Voltage (VON) in 0.1 M K2so4• 

Fig. 4. Efficiency of Free Electron Formation per Incident Photon as a 

function of Applied Voltage at 0.1 M K2so4 and pH of 6.75. 

Wavelength of the incident radiation I, 540 nm; o, 500 nm; 

x, 440 nm. 

Fig. 5. Photoaction Spectrum of Fe2o3 in 0.1 M K2so4 at a pH of 6.75 

at different applied voltages vs. SCE e, + 1.0 v.SCE; o, 

+ 0.7 v.SCE; x, + 0.5 v.SCE. 
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pH 

'4.00 

4.50 

6.30 

6.70 

8.60 

10.00 

14,0 

TABLE 1 

·Comparison of Onset 'Voltage and Flat Band Potentials 

Obtained on Thin Films (I), Single Crystals (II), 

and Polycrystalline Sintered Pellets (IIIL 

von (v.SCE) EFB (v.SCE) 
I 15 115 III I II 

+0.4 +0.2 

+0:23 -0.1 

+0.2 +0.22 0.0 -0.1 

+0.12 -0.41 

-0.2 -0.2 

-0.4 -0.36 -0.4 -0.67 
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III 

-0.06 

-0.2 

-0.4 

-0.6 
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