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ABSTRACT 

PHOTOLECTROCHEMICAL AND PHOTOCATALYTIC INVESTIGATION OF 
SEMICONDUCTING IRON OXIDE FOR SOLAR ENERGY CONVERSION 

Michael Strasik, Ph.D. 
Oregon Graduate Center, 1988 

Supervising Professor: Nicholas G. Eror 

Well characterized and reproducible semiconducting FeqO3 was prepared 

by freeze-drying. This technique produced very homogeneously Si, Mg, 

or Pt doped semiconducting Fe2O3 that was used successfully in the 

photoelectrochemical and photocatalytic solar cell for the production 

of gaseous hydrogen and oxygen by dissociating water. Photocurrents 

obtained with the photoelectrodes prepared from the freeze-dried 

samples were more stable and up to ten times higher than with the 

samples prepared by the conventional solid state mixing technique. The 

maximum photocurrent density obtained with the freeze-dried samples was 

I0 m ~ / c m ~  at 0.8 V vs SCE for the 0.1 at.% Si + 5 at.% Pt doped Fe2Og. 

The photocurrent also increased with increasing amounts of platinum. 

The added platinum was shown to have several beneficial effects on the 

n-type and p-type photoelectrodes. In the Si doped n-type semiconduc- 



tor the platinum increased the carrier concentration via a shallow 

donor level within the bandgap. It was also shown that the platinum 

enhanced the probabilities of electron exchange and increased the 

reaction kinetics between the electrode and electrolyte species. The 

efficiency of the photoelectrochemical reactions was increased with 

added platinum by eliminating the transient currents. In the cyclic 

voltammetry experiments it was shown that the platinum in the n-type 

semiconductor at negative potentials acts as a local cathode and 

enhances the production of hydrogen. In the p-type Fe2O3, the platinum 

acts as an electrocatalyst and lowers the overpotential for hydrogen 

reduction. 

A p/n heterojunction was used in the photoelectrochemical solar cell to 

photodissociate water into oxygen and hydrogen with visible light. 

This important result was further improved by using Fe2O3 electrodes 

prepared by freeze-drying and by the addition of platinum. The 

photogeneration of oxygen was also achieved in the photocatalytic solar 

cell by irradiating doped and platinized Fez03 in the presence of an 

electron scavenger. 

The Fez03 was found to be stable against photocorrosion for extended 

periods of illumination and photocurrent generation in a basic electro- 

lyte. It was shown that doped and platinized freeze-dried Fe203 can be 

used more efficiently than the Fe2O3 prepared by the solid state 

technique in the photoeIectrochemical and photocatalytic cell for the 

gaseous fuel generation using solar energy. 



CHAPTER ONE 

INTRODUCTION 

1.1 Photoelectrochemical cells 

Mankind has regarded the sun as the source of life and energy since 

time immemorial. In fact, our traditional energy resources (such as 

oil and coal) are all products of photosynthesis. With the increasing 

energy crisis, man is again looking towards the prime energy giver, the 

sun. Harnessing solar energy has therefore attracted the attention of 

the scientists, technologists, economists, sociologists and politicia- 

ns. All the solar energy converters utilize the radiation received 

from the sun. Hence, an understanding of the nature of the radiation 

is imperative. 

Forming fuels photochemically would convert sunlight to a useful 

form of energy that can be stored and transported. Thus, using the 

sun's energy to generate fuels can be envisioned as part of the 

ultimate solution to the world's energy problems. Raw materials such 

as water, nitrogen, oxygen, and carbon dioxide exist in sufficient 

abundance and at low enough cost to be viewed as the feedstocks of 

solar reactors to produce fuels of the future. 

A lot of progress has been made in the art of photovoltaics [l-41, 

where sunlight is captured by a semiconducting material (usually 

silicon) and converted into electrical energy. This energy can then 

either be used immediately or collected in a storage device such as a 



battery. An alternative method of collecting solar energy is to 

convert it into chemical energy that can be easily stored. This is 

done naturally in photosynthesis. To do this artificially would 

require the selection of a two level chemical reaction reasonably well 

matched to the solar spectrum. 

The solar spectrum peaks at a wavelength of about 460 nm, cor- 

responding to an energy of 2.70 eV, and drops to zero at a wavelength 

of about 300 nm (4.13eV). Figure 1.1 shows the spectral distribution 

of sunlight at air mass one. The bulk of the solar energy is found in 

the range 1.13-4.13 eV (1 100 to 300 nm), and any chemical reaction 

chosen to capture that energy efficiently must have an oxidation/reduc- 

tion potential overlapping that range. In addition, the chemical 

reaction products must be suitable for use as a storable, portable fuel 

with a minimum energy cost of retrieval. The photodissociation of 

water is ideally suited for this purpose. 

The oxidation/reduction potential of the reaction: 

is 1.23 eV, but oxygen electrode overpotential considerations [S] 

actually place the minimum at about 1.60 eV. This overpotential is 

caused by barriers to charge transfer at the semiconductor/ 

electrolyte interface. The energy of 1.60 eV approximately corresponds 

to a wavelength of 770 nm, a wavelength available in 

solar radiation. Unfortunately, water does not have a strong absorp- 

tion coefficient in this region. So, either the chemical entities 



Figure 1. I .  Spectral distribution curve of solar irradiation 
at AMO, AMl ,  and AM2. 
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H2 and 0 2  are not formed or whatever small amounts are formed tend to 

recombine to yield water. There exists a threshold energy of about 6.5 

eV (190 nm) only beyond which direct photodecomposition is possible. 

Such high-energy radiation does not reach the earth's surface from the 

sun. So, the strategy adopted for splitting of water by photons has 

been to carry out the photodecomposition sequentially. The agents 

employed for the purpose are known as photocatalysts. 

The common photocatalysts are: common salt, photosynthetic dyes, 

semiconductors, etc. 

The reaction in Eqn. 1.1 can be utilized in a photoelectro- 

chemical cell (PEC). Most commonly this is a liquid-semiconductor 

junction device where sunlight is absorbed by a photoactive semicon- 

ducting electrode. Figure 1.2 is a schematic energy diagram of such a 

device using an n-type semiconducting photoanode and a metallic 

cathode. In this device absorption of sunlight of energy greater than 

the semiconductor bandgap energy, Eg, would produce electron-hole pairs 

available for conduction. Equilibration of the Fermi level, Ef, 

throughout the cell results in the formation of a space charge region 

within the semiconductor [6-71. The pairs created in this region can 

then be separated to produce current through the cell. 

The potential distribution within the semiconductor is such that the 

holes are driven towards the surface and electrons towards the bulk of 

the material. The holes are transferred at the semiconductor surface 

to water molecules, resulting in release of oxygen. If the photovol- 

tage is large enough to raise the Fermi level of the metal above the 

normal potential of the H20/H2 couple, electrons can than be 



Figure 1.2. Energy band structure of photoelectrochemical cell. 



transferred from the metal to the water. 

The electrode reactions are: 

At the semiconductor electrode 

H z 0  + 2h++ 2 ~ +  + $02 

At the metal electrode 

2H20 + 2e-4 20H- + H2 

Two simple conditions must be met for the above overall reaction to 

materialize: 

(a) The flat band potential of the semiconductor must be more 

negative than the potential of the H20/H2 couple. In other 

words, conduction band energy must lie above the E H ~ o / H ~  

level. 

(b) The valence band should lie below the E ~ 2 0 1 0 2  couple, 

otherwise no transfer of holes from the valence band is 

possible. 

Both conditions can be fulfilled simultaneously if: 

The energy consumed by photogenerated electrons to move from the 

conduction band via the external circuit to the counter electrode is: 



where Vb is the band bending. The net energy available for photoelect- 

rolysis reaction would be: 

The energy available must be equal to or greater than the combined 

energy necessary for: 

(a) Photoelectrolysis. 

(b) Ohmic loss (IR). 

(c) Photoelectrode overpotential (qa) associated with the 

evolution of 0 2  which is the difference between the valence band 

edge and the H20/02 level. 

(d) Counter electrode overpotential (qc) associated with the 

evolution of H2 which is the difference between the 

conduction band edge and H2/H20 level. 

(e) Potential across the Helmholtz layer (VH), since during 

photoexcitation the Helmholtz layer relaxes. 

Hence, an energy balance equation for an n-type semiconductor and metal 

counter electrode can be written as: 

where n is the number of electrons transferred in a single step of the 



reaction.Obviously, the energy available for photoelectrolysis is 

smaller than Eg. So a natural choice would be to use a wide band gap 

semiconductor. However, a very wide band gap is not acceptable because 

it would meanthat fewer carriers would bephotogenerated and only a 

small portion og solar spectrum could be utilized. As a compromise, 

materials with Eg - 2.2 eV are taken as suitable (1.23 eV for photoele- 

ctrolysis and 1 eV for losses including oxygen overpotential). 

1.2 PEC System Requirement. 

A number of excellent theoretical and experimental reviews (8-321 

has been written on the development and requirements of photoelectro- 

chemical solar cells. The choice of semiconductor materials is a very 

complex problem for photoelectrochemical cells. The following basic 

requirements should be fulfilled: 

(a) The band gap of the material should be such that the maximum 

part of solar spectrum is used. Most of the visible part of solar 

energy reaching the earth's surface is centered in the range 1.0- 

3.0 eV (See Figure 1.1). Therefore, very wide band gap 

semiconductors are not suitable. 

(b) The efficiency ofthe cell should be high which depends upon 

absorption coefficient, band gap, diffusion length, 

conductivity, recombination, surface states, etc. 

(c) The electrode must be stable against corrosion when placed in 

the specific redox electrolyte. Low band gap semiconductors 

are generally easily corroded, as will be discussed later. 

Thus, vefore choosing a particular semiconductor it is important to 



understand the various controlling factors. 

1.2.1 ~ n e r b t i c s  

All phenomena associated with photoelectrochemical systems are based 

on the formation of a semiconductor-electrolyte junction [33-361 when 

an appropriate semiconductor is immersed in a suitable electrolyte. 

The junction is characterized by the presence of a space charge layer 

in the semiconductor adjacent to the interface with the electrolyte. A 

space charge layer generally develops in a semiconductor upon contact 

and equilibration with a second phase whenever the initial chemical 

potential of electrons is different for the two phases. For semi- 

conductors, the chemical potential of electrons is given by the Fermi 

level in the semiconductor. For liquid electrolytes, it is determined 

by the redox potential of the redox couples present inthe electrolyte 

[37]. If the initial Fermi level in an n-type semiconductor is above 

the initial Fermi level in the electrolyte (or any second phase), then 

equilibration of the two Fermi levels occurs by transfer of electrons 

from the semiconductor to the electrolyte. This produces a positive 

space charge layer in the semiconductor (also called a depletion layer 

since the region is depleted of majority charge carriers). As a 

result, the conduction and valence band edges are bent such that a 

potential barrier is established against further electron transfer into 

the electrolyte (see Figure 1.3) [l  I]. 

The inverse but analogous situation occurs with p-type semiconduc- 

tors having an initial Fermi level below that of the electrolyte. A 

negative space charge or depletion layer is formed in the semi- 
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conductor, with the valence and conduction bands bending to produce a 

potential barrier against further positive hole transfer into the 

electrolyte. 

The width of the depletion layer w is given by: 

where Vb is the amount of band bending in the depletion layer, N is the 

charge carrier density in the semiconductor, q is the electronic 

charge, e is the dielectric constant of the semiconductor, and eo is 

the permitivity of free space. In semiconductors, w can be quite large 

depending upon the conductivity and the band bending; in typical cases 

it ranges from 100 A to several microns. This is in contrast to metal 

electrodes, where the space charge layer is infinitesimally small, and 

charges induced in the electrode essentially reside at the surface. 

A charged layer also exists in the electrolyte adjacent to the 

interface with the solid electrode, the Helmholtz layer [38]. This 

layer consists of charged ions from the electrolyte adsorbed on the 

solid electrode surface; these ions are of opposite sign to the charge 

induced in the solid electrode. The width of the Helmholtz layer is 

generally of the order of a few angstroms. The potential drop across 

the Helmholtz layer depends upon the specific ionic equilibrium at the 

surface. 

To make the connection between the energy levels of the electrolyte 

and the semiconductor it is necessary to introduce the flat-band 

potential Vfi, as a critical parameter characterizing the semiconductor 



electrode. The flat-band potential is the electrode potential at which 

the semiconductor bands are flat (zero space charge in the semi- 

conductor); i t  is measured with respect to a reference electrode, 

usually either the normal hydrogen electrode (NHE) or the standard 

calomel electrode (SCE). The band bending is given by: 

Vb = v - vfb 

where V is the electrode potential (Fermi level) of the semiconductor. 

At equilibrium in the dark, V is identical with the potential of the 

redox couple in the electrolyte. 

The effect of the Helmholtz layer on the semiconductor band bending 

is contained within the flat-band potential. This important parameter 

is a property both of the bulk semiconductor and the electrolyte, as 

seen from the following relationship [ll]: 

where r is the electron affinity of the semiconductor, aSC is the work 

function of the semiconductor, AEf is the difference between the Fermi 

level and majority carrier band edge of the semiconductor, VH is the 

potential drop across the Helmholtz layer, and 4.5 is the scale factor 

relating the H+/H2 redox level to vacuum. 

Equation 1.10 suggests that Vfi can be predicted from a knowledge of 

electron affinities. Butler and Ginley [39-401 have proposed a 

theoretical model where T is calculated from the electronegativities of 



the constituent elements of the material in question. They found that 

flat-band potentials for metal oxides can be predicted to within - 0.2 

V in this manner if specific adsorption of OH' and H+ ions can be 

properly accounted for. The variation of Vfi with electrolyte pH is 

expected to be -0.059 V per pH unit, due to the change in VH with 

specific adsorption. VH is accounted for by first establishing the 

point of zero potential (PZZP) [51]; this is the condition where the 

number of adsorbed positive and negative ions is equal, so that VH = 0. 

For many semiconductors in aqueous electrolyte, H+ and OH' are the 

relevant adsorbed ions, and the PZZP is thus the pH at which VH = 0. 

In these cases, the change of VH with pH follows a simple relationship: 

Under short circuit conditions, Vfi represents the maximum Fermi 

level possible for the system (171. Hence if Vfb for a material lies 

below the H+/H2 potential, H2 can not be evolved at the cathode. 

Current flow will then be accomplished by the decomposition of 02 at 

the cathode and the cell will be operating in the photovoltaic mode. 

The application of an external bias will then be required to raise the 

Fermi level above the H+/H2 redox potential. Knowledge of Vfb is 

consequently of fundamental importance, and a variety of techniques 

have been developed for its measurement. 

The most basic of such methods utilizes cell capacitance measure- 

ments as a function of applied potential. The Mott-Schottky relation- 

ship for a PEC is given by [20,37,41-461: 



where c is the semiconductor dielectric constant, no is the carrier 

concentration, and V is the applied ~otential. The cell capacitance 

consists of three capacitors in series: the semiconductor space charge 

region (Csc), the Helmholtz layer including the interface region, and 

the solution diffuse double layer (Guoy layer). Normally, Csc is much 

smaller than the other components of the total capacitance. When this 

is true, a plot of 1/c2 versus V will yield a straight line from which 

no and Vfi can be obtained. The effects of non-ideal contacts at the 

semiconductor surface on capacitance measurements have been thoroughly 

analyzed by Goodman [47]. 

Another method for determining Vfb for both polycrystalline and 

single crystal materials relying on differential stress measurements 

has been developed by Handley and Bard [48]. This is based on the 

relationship between the differential surface stress, the surface 

charge density and the deformation of an electrode as given below: 

where (60/6E) is the differential surface stress, q the surface charge 

density, and 6 the ratio of the surface area before and after deforma- 

tion. The surface charge density will dominate the terms on the right 

of Eqn. 1.13, and both terms will go to zero at the flat-band poten- 

tial. At potentials negative of Vfi, Eqn. 1.13 will be positive (since 



the space charge region will have an excess of electrons) and at 

potentials positive of Vfi, it will be negative. Hence a plot of the 

differential stress versus potential will give Vfi at the intercept. 

A third technique for determining Vfi utilizes the photoresponse of 

the material [49]. This is based on the measurement of the photo- 

current as a function of applied potential, where the intercept of the 

12ph versus V plot yields V* 

An alternative technique is by rectified alternating photocurrent 

voltammetry (RAPV). This is an AC phase-sensitive detection technique 

based on the same principle as that mentioned in the paragraph above. 

McCann and Pezy (501 have demonstrated the simplicity of this AC 

technique over the DC photocurrent method, and found good agreement 

with capacitance measurement for a wide variety of materials. 

1.2.2 Photo-Induced Charge Transfer Reactions 

When the semiconductor-electrolyte junction is illuminated with 

light, photons having energies greater than the semiconductor band gap 

(Eg) are absorbed and create electron-hole pairs in the semiconductor. 

Photons absorbed in the depletion layer produce electron-hole pairs 

that separate under the influence of the electric fieldpresent in the 

space charge region. Electron-hole pairs produced beyond the depletion 

layer will separate if the minority carriers can diffuse to the 

depletion layer before recombination with the majority carriers occurs. 

Photons will be absorbed in the depletion layer if their absorption 

coefficient, Q (cm-l), is sufficiently large such that l / a  < w. 

The photo production and subsequent separation of electron-hole 



pairs in the depletion layer cause the Fermi level in the semiconductor 

to return toward its original position before the semiconductor- 

electrolyte junction was established. That is, under illumination, the 

semiconductor potential is driven toward its flat-band potential (see 

Figure 1.3). Under open circuit conditions between an illuminated 

semiconductor electrode and a metal counter electrode, the photovoltage 

produced between the electrodes is equal to the difference between the 

Fermi level in the semiconductor and the redox potential of the 

electrolyte (as sensed by the metal counter electrode). Under closed 

circuit conditions, the Fermi level in the system is equalized and no 

photovoltage exists between the two electrodes. However, a net charge 

flow does exist. Photo-generated minority carriers in the semiconduc- 

tor are swept to the surface where they are subsequently injected into 

the electrolyte to drive a redox reaction. For n-type semiconductors, 

minority holes are injected to produce an anodic oxidation reaction, 

while for p-type semiconductors, minority electrons are injected to 

produce a cathodic reduction reaction. The photo-generated majority 

carriers in both cases are swept toward the semiconductor bulk, where 

they subsequently leave the semiconductor via an ohmic contact, 

traverse an external circuit to the counter electrode, and are injected 

at the counter electrode to drive a redox reaction inverse to that 

occurring at the semiconductor electrode. 

Two very different types of photoelectrochemical cells can be 

created depending upon the nature of the electrolyte. If the electrol- 

yte contains only one effective redox couple, then the oxidation 

reaction at the anode is simply reversed at the cathode and no net 



chemical change occurs in the electrolyte. The electrode reactions 

merely serve to shuttle charge across the electrolyte and maintain 

current coniinuity. In this case, the cell behaves as an electro- 

chemical photovoltaic cell [I-41, and the incident optical energy is 

converted into electrical energy of the external photocurrent and 

photovoltage. 

If the electrolyte contains two effective redox couples, then the 

respective oxidation and reduction reactions at the anode and cathode 

are different. This leads to a net chemical change in the electrolyte, 

and the cell behaves as photoelectrolysis cell [17,52-531. Here, the 

incident optical energy is converted into the chemical free energy 

characteristic of the net oxidation-reduction reaction generated in the 

electrolyte. 

The general energetics and kinetics of charge transfer reactions at 

semiconductor-electrolyte interfaces have been extensively studied [54- 

631. 

1.3 Semiconductor Electrode Stability 

For a practical long-life photoelectrochemical cell, the semiconduc- 

tor electrode must be stable against: (i) dissolution; (ii) photo- 

corrosion; and (iii) electrochemical corrosion. The instability of 

semiconductor electrodes under photo-electrochemical operation is 

probably the greatest and least understood problem in further develop- 

ment of useful photoelectrochemical cells. A minority carrier trapped 

in a surface state represents a weakened bond at the semiconductor 

surface [64-651. If such bonds at the surface can be restored by an 



electron exchange with the electrolyte, without the chemical involve- 

ment of the electrode, then the electrode will be stable. Most 

reactions of interest, however, require the transfer of more than one 

electron and thus involve several partial reactions with at most one 

electron transfer in each step. These partial reactions produce 

intermediate states, often in the form of highly reactive radicals, 

that are chemically bound to the semiconductor surface [66]. The 

intermediates must have sufficient lifetime on the surface to permit 

the next reaction step to occur. This next step might be to another 

intermediate in the chain of desired reactions, e.g. the electrolysis 

of water, or it might further weaken the bonds by which a surface atom 

of the semiconductor is held to its neighbors. In this way, the 

surface atom may be released as a solvated ion. In a longer chain of 

intermediate events, surface atoms may be removed over the surface, or 

removed and redeposited, thereby changing the nature of the surface 

[171. 

This general discussion shows that the property necessary for 

effective electrolysis of water is also the one that can lead to 

corrosion. It is the ability to chemisorb the intermediates that makes 

an electrode a good catalyst for water splitting. Thus the desired 

electrolyte reaction (water decomposition) and the undesired corrosion 

reactions are competitive. Both may be characterized by standard redox 

potentials that may be helpful in determining which reactions will 

predominate [67-691. 

If ED, the redox potential for the electrode decomposition reaction, 

lies below the valence band edge (more positive in potential) of an n- 



type electrode and ER, the redox potential for the desired reaction, 

lies above the valence band, then the electrode is stable and the 

desired reaction can occur. If both lie above the valence band edge, 

both reaction can occur; which will predominate depends on kinetic 

factors [70], but the relative positions of ER and ED are also impor- 

tant. If ER lies below ED, the oxidation product of the desired 

reaction will be thermodynamically capable of oxidizing the electrode, 

even in the dark (see Figure 1.4). It is therefore preferable to have 

ER above ED, but it is also necessary that the desired reaction be so 

favored kinetically that it prevents the decomposition from occurring 

[7 1-76]. 

1.4 Efficiency 

The output voltage/power is mostly limited by the band bending at 

the semiconductor-electrolyte interface. The maximum photopotential is 

obtained at the flat-band situation with high light intensity. The 

maximum photopotential is: 

The solar cell efficiency, r], is defined as: 

rj = (output power/input power) x 100% 

The quantum efficiency or quantum yield is defined as: 



Figure 1.4. Energy correlations between band edges and 
decomposition Fermi levels, characterizing 
susceptibility to photodecomposition. 
(a) Stable, (b) unstable, (c) susceptible to anodic 
photodecomposition, (d) susceptible to cathodic 
photodecomposition. 



number of photoelectrons flowing per unit area 

?'q = 
# of incident photons with energy hu per area 

The various expressions for efficiency used by different authors [77- 

811 are just variations of Equations (1.15) and (1.16). 

The quantum efficiency is also given by [82]: 

where J is the total photocurrent, Bo is the photon flux, W is the 

depletion layer width, Lp is minority carrier diffusion length, and a 

is the absorption coefficient. 

From the above equation, it is obvious that for high quantum 

efficiency, the following conditions are necessary [82]: 

(a) The absorption coefficient, a, must be large. 

(b) The diffusion length for minority carriers, Lp, must be 

large. 

(c) As a consequence of condition (b), the grain boundaries and 

surface states have also pronounced effect on the efficiency. 

(d) Depletion layer width, W, should be large. 

(e) As a consequence of condition (d), the Debye length must be 

large. Hence, the value of donor atom concentration, ND, 

should be small. However, ND cannot be made very small since it 

would lead to increased ohmic losses within the semiconductor. 



The optimal donor concentration, ND, is about 3 x 1 0 ~ ~  ~ m - ~ .  

(f) Another consequence of condition (d) is that the value of 

flat-band potential, Vfb, should be small. However, if Vfb 

is too small then a reduced band bending results. 

The following points should also be considered while designing an 

efficient photoelectrochemical solar cell: 

(a) The electrolyte should be transparent to light or else many 

photons would not be able to reach the semiconductor 

electrode, resulting in reduction of efficiency. 

(b) Ionic species participating in the redox reaction are 

diffusion limited. Hence, stirring the electrolyte may lead 

to improved efficiencies [83]. 

(c) A proper choice of counterelectrode is important. The 

counterelectrode should be a low overpotential for redox 

reaction to take place and of a large area for reducing 

concentration polarization. Platinum seems quite suitable 

1841. 

(d) The cell efficiency also changes with operating temperature 

~ 5 1 .  



CHAPTER TWO 

REVIEW OF RELATED WORK 

IRON OXIDE 

2.1 Physical Structure 

Iron is the most abundant transition metal that is present on our 

planet. The metal and its oxides have desirable structural, magnetic, 

electrical and chemical properties that are employed in a multitude of 

applications. It has a body-centered cubic crystal structure at room 

temperature, but undergoes a phase transformation of face-centered 

cubic structure at higher temperatures that involve some volume change. 

Iron oxides have a very complex phase diagram that is shown in 

Figure 2.1, consisting of at least three distinct iron-oxygen compounds 

WI. 

The lowest of the oxides, wustite (FeO), has a NaCl type cubic 

lattice formed by close-packing of the relatively large oxide ions with 

the smaller iron ions arranged in the interstices [87]. 

The mineral magnetite, Fe3O4, has been known since ancient times, 

and its ferromagnetic properties were at the origin of the study of 

magnetism. The HI 1 cubic structure is that of spinel MgA1204 (Figure 

2.2) where the compact arrangement of oxygen atoms provides one 

tetrahedral site (A) and two octahedral sites (B) per 0 4  group. 



Atomic Percent Oxygen 

Figure 2.1. Phase diagram of the F e - 0  system. 



Figure 2.2. Structure of magnetite Fe3Oq. 



While the divalent atoms occupy the A sites in the "normal" structure, 

they can occupy half the B sites in an "inverted" structure [88]. 

Verwey and-de Boer [89] have shown that magnetite is inverted and could 

be written as [F~(III)]A[F~(II)F~(III)]B~~. 

Hematite, a-Fe203, has the DS1 rhombohedra1 structure of corundum a- 

A1203 [go] with cell dimensions a = 5.4271 A, a = 55"17' or convenient- 

ly described as a hexagonal structure with a = 5.0345 A, c = 13.749 A. 

2.2 Phase Transformations 

There exist several other important phases of Fe2O3. There is 13- 

Fe2O3, body centered cubic phase, that can be prepared by vacuum 

dehydration of 13-FeOOH [91]. The a-Fe203 has an inverse spinel 

structure [92] with cell dimension a = 8.322 A and 2 2/3 vacancies per 

unit cell in the cation lattice and is very widely used in magnetic 

recording devices. The u-Fez03 can be prepared from lepidocrocite, u- 

FeOOH, by heating at 250" C for a few hours [92]. The u-Fe203 can also 

be prepared by oxidation of Fe304 up to 400°C [87]. The detailed study 

of the a-FeOOH and u-FeOOH into u-Fe203 phase transformation has been 

conducted [93]. 

The transformation of o-Fez03 to a-form occurs irreversibly above 

400°C [92,109]. Bernal et al. [94] studied this transformation using 

X-ray and electron diffraction techniques. The u-FeOOH or o-Fe203 is 

transformed into a-Fe203 upon heating above 400°C [93]. 

The mechanical dehydration of o-FeOOH leads to 'a-Fe203 as confirmed 

by X-ray analysis and Mossbauer spectroscopy [95-961. 

The a-Fez03 can be transformed into +Fez03 by first transforming a- 



Fe2O3 into Fe304 by heating in a reducing atmosphere and then oxidizing 

it to u-Fez03 as was investigated by Weisweiler [97]. 

The a-Fe2Og can be prepared by phase transformation of 

a-FeOOH at 300°C [98-1001. Watari et al. [ lol l  studied the dehydration 

transformation of a-FeOOH to a-Fez03 by high resolution electron 

microscopy. a-Fez03 can also be prepared by thermal decomposition of 

R-FeOOH [102]. A solid state conversion of pure a-FeOOH into a-Fe203 

may be also achieved by mechanical grinding as studied by Mendelovici 

et al. [103-1041. 

The production of a-Fe203 in vacuum at 200°C from a-FeOOH decomposi- 

tion gives very microporous product. Such microporosity tends to 

disappear as the decomposition temperature and the water vapor pressure 

increase [105]. 

The reduction reaction of a-Fe203 to Fe304 has been studied in great 

detail [I  06- 1081. El-Geassy [ I  071 studied gaseous reduction of Fe2O3 

compacts at 600 to 1050°C using H2, CO, and HZ-CO mixtures. 

2.3 Preparation Techniques 

There are many possible preparation techniques for a-Fe203, such as 

solid state transformations, liquid mix techniques, precipitation 

techniques, sol-gel techniques and cryogenic techniques. Some of the 

techniques will be briefly discussed in this part. 

Leskela et al. [110] studied the preparation of yellow 

a-FeOOH from FeS04 solution by alkali precipitation and gas oxidation 

methods. Needle-like a-FeOOH transforms into red 

a-Fe203 at 300°C. Subrt et al. [ I l l -1 121 and Kuo et al. [113] also 



prepared iron oxide by oxidation precipitation of aqueous solutions of 

FeS04 by oxygen gas. The product contained about 

3-5% structkally bonded water. The effect of heating up to 700°C 

prepared by this method were studied [114]. It was found that the 

water was lost, accompanied by the formation and removal of pores, the 

lattice constant changed and the optical properties were slightly 

modified. Christensen et al. [I 151 used iron(I1I)nitrate solutions 

which were hydrolyzed at constant temperature for several hours. 

Crystal growth of iron oxide and iron hydroxide were studied by X-ray 

diffraction. Christensen et al. also studied transformation of 

iron(II1)hydroxide into a-Fe203 as a function of time [I 161, tempera- 

ture and pH [117]. Kriger et al. [118] studied structures of iron- 

(1II)hydroxides and their ageing products. 

The relationship between the activity of ferric oxyhydroxides (a-, 

B-, and T-FeOOH) and structural changes has been investigated by 

determining the heat of immersion in H20 and H20  vapor adsorption 

[119]. Thermal analysis studies of several different iron(II1)- 

hydroxides from different sources has been studied by several authors 

[120- 1221. 

Gallagher et al. [I21 - 1221 prepared iron oxide by high temperature 

decomposition of 12 different Fe(II1) salts. They studied the surface 

area, reactivity, aggregate size distribution, and structure of the 

resulting iron oxides. 

For many applications (photocatalysis, freeze drying) it is very 

desirous to prepare sols or colloidal suspensions of iron oxide of 

precise particle size, shape, and distribution. There are several 



excellent review articles on this subject [123-1251. 

Matijevic et al. [124-1261 used Fe(I1I)-chloride, -nitrate, and 

-perchlorate solutions for careful temperature controlled hydrolysis of 

these sols to produce uniform particle size a-Fe203 sols. Other 

preparation techniques involve hydrolysis of metal chelates [ I  271, 

ethanolic solutions [I 281, and chlorides [ 1291. 

Thermal transformation of hydrated ferric oxide gel and ultrafine 

oxide has been studied by Rajendran et al. [130]. There are many other 

papers on preparation and characterization of precipitated iron oxides 

[131-1331. 

Colloidal iron oxides or sols of iron oxides can be also used to 

prepare reactive powdered iron oxide of very high surface area by 

employing a freeze-drying technique. This technique is discussed by 

Tseung et al. [134-1351. Several different cryogenic techniques were 

also used to prepare iron oxide [122,136]. 

2.4 Lattice Dynamics, Raman and Infrared Spectra 

The Raman and Infrared spectroscopy can be used very effectively to 

, determine which phases of iron oxide are present in the sample of 

interest. Raman spectroscopy can be used for example in situ to 

analyze corrosion product films on metal surfaces in gaseous and 

aqueous environments. Thibeau et al. have analyzed corrosion products 

on iron by Raman spectroscopy [137]. The group theoretical symmetry 

caIculations were performed for iron oxide by several investigators 

[138- 1401. 

a-Fe2Oj crystallizes into a D~~~ structure with ten atoms per unit 



cell. Below the Morin [141] transition (260" K) the four iron atoms, 

spin 5/2, align the c-axis in a antiferromagnetic arrangement (1421. 

Between 260" K and the Curie temperature (950" K) the spins lie in the 

basal plane with a slight canting which results in a small ferro- 

magnetic moment [143]. The group theoretical calculations for this 

space group give [139]: 

where Ag and Eg are the Raman active modes. The seven phonon lines 

predicted by this calculation have been identified [138]. 

The Alp  modes at 225 and 498 cm-I were identified by their ap- 

pearance in the (zz) polarization and Eg modes at 247, 293, 299, 412, 

and 612 cm-l by their appearance in the (xy) polarization. Since iron 

oxide is opaque color it is difficult to obtain a good spectrum under 

regular conditions, therefore, it is necessary to scatter from a 

polished surface of the crystal at shallow angles 11441. 

Hamilton et al. [145] have used Raman spectroscopy combined with ion 

bombardment to obtain chemical compound identification as a function of 

depth in films containing Fe2O3. Low sensitivity to sputter induced 

chemical changes is a major advantage of the technique. 

Farrow et al. [146] have used backscattering Raman spectroscopy to 

study in situ oxide films at high temperature for different iron-based 

alloys. 

Infrared spectroscopy is easier and very good technique for qualita- 

tive and to some extent quantitative analysis of iron oxide. Serna et 



al. [147] have analyzed group theoretical calculations for iron oxide 

and predicted 6 IR active modes. The two A2, modes with polarization 

parallel to the crystalline c-axis and the four E, modes with polariza- 

tion perpendicular to the c-axis are IR active. There are many 

experimental application of IR in studying iron oxide [147-1571. A 

number of investigators studied phase transformations of iron oxide 

[148,150,152- 1531 using infrared spectroscopy. Yariv et al. [149] 

studied the effect of degree of crystallinity on the infrared spectrum 

of Fe203. By the position and sharpness of the absorption peaks they 

were able to distinguish poorly crystalline and very crystalline 

samples. They also found that grinding during the preparation of the 

disks may also affect the infrared spectra and the location of the 

characteristic absorption maxima of the various iron oxide phases 

11581. 

Rendon et al. [154] studied the effect of particle shape on the IR 

absorption of powdered oxides by means of classical electromagnetic 

scattering theory. The extreme variation of the IR spectrum with shape 

factor emphasizes the danger of reporting IR spectra of powder oxides 

without taking into account the actual particle shape. This factor is 

usually minimized in practice because usually the sample is ground to 

sizes much smaller than the radiation wavelength in order to obtain 

good resolution IR spectra. 

Lorenzelli et al. [151] have studied adsorption of water, pyridine, 

ammonia, carbon monoxide, and methanol on the surface of iron oxide 

using infrared spectroscopy. They also studied absorption of 0 2 ,  N2, 

NO, and H2 adsorbed on Fe2O3 [155,157]. 



Busca et al. [156] have also studied adsorbed forms of water on 

@-Fez03 obtained by thermal decomposition of a-FeOOH. 

2.5 Surface Properties 

Many of the crystal faces of metallic iron have been subjected to 

low energy electron diffraction studies. The surface structure of the 

(1 lo), (1 11) and (100) faces show no reconstruction. However, there is 

strong relaxation of the more open (1 11) and (100) surfaces. That is, 

the interlayer spacing between the first and second layer is appreciab- 

ly smaller than the interlayer spacing in subsequent layers below [159- 

1601. The several ordered surface structures of chemisorbed oxygen 

have been investigated. The formation of FeO in the surface layer has 

been detected and the structure of this complicated but important layer 

has been solved [161]. Oxygen chemisorption, the initial stages of 

oxidation and bulk oxide formations have all been studied by electron 

spectroscopy techniques [162]. X-ray photoelectron spectroscopy 

revealed the various oxidation states of the transition metal ions as a 

function of oxygen partial pressure and surface concentrations [163]. 

Ultraviolet photoelectron spectroscopy showed drastic changes in the 

density of states at the Fermi level and changes in work function as 

oxygen chemisorption and oxidation proceeds. Auger electron spectros- 

copy clearly detected different Auger peak intensity ratios for the 

iron and oxygen Auger peaks when FeO, Fe2O3, and Fe304 are present. 

These Auger peak ratios can then be used to determine the surface 

stoichiometry of the iron oxides samples (1641. The chemisorption of 

small molecules, including water have been studied on iron oxide 



surfaces 11651. The stoichiometric basal plane of the corundum phase 

Fe2O3 is extremely inert. Water physisorbs only as ice at low tempera- 

tures and it  desorbs around 175 K. Argon ion sputtering produces 

oxygen vacancies that expose ~ e ~ +  species on the outermost atomic layer 

that lower the work function of the sample. These reduced iron species 

are unstable and disappear rapidly from the surface layer upon heating 

above 375 K. However, the ~ e ~ +  species that can be detected under the 

surface are stable at temperatures up to 775 K for extended periods of 

time. The surface ~ e ~ +  species, when present in the outermost layer, 

can adsorb water strongly and evolve hydrogen upon heating [164]. 

Morimoto et al. [166] measured the first and second water adsorption 

isotherms and the water content on the Fe2O3 surface. 

X-ray photoelectron spectroscopy 11671 and X-ray diffraction [168] have 

been used to characterize surfaces of hydrous iron oxide and thin films 

of Fe2O3. Youssef et al. [169] studied surface properties of Mn-doped 

Fez03 by DTA and X-ray. 

The residual porosity of sintered iron oxide was shown to have a 

major influence on the electrical properties of Fez03 [170]. Coble et 

al. [171] described that the initial sintering behavior between 1150 

and 1350°C of submicron a-Fez03 powder was governed by bulk diffusion 

of Fe, the slower diffusion species in Fe2O3. De Witt et al. [172] 

studied the sintering behavior of pure and impure Fe2O3. The ultimate 

density of impure oxide was 85% while the impure material reaches a 

density of 95% at 1300°C. Since compacts also based on Fe304 reach 

this higher density, while the resulting microstructure is similar, a 

reduction-oxidation process at the surface of the grains is a possible 



mechanism. Also the formation of a low melting eutectic phases in the 

impure material may result in liquid phase sintering. The acicular 

powder gave a dense material more than 99% theoretical density [173]. 

Arora et al. [I741 studied relationship between surface area and 

temperature of sintering for several oxide systems. 

2.6 Optical and Dielectric Properties 

Like most higher oxides of transition metals with partly filled 

cation d-shells, a-Fe203 belongs to the class of semiconductors with 

controllable valence. Koshcheev et al. [I751 have used photoemission, 

optical spectra, and electrical conductivity to investigate the energy 

spectrum of Fe2O3. The energy of the top of the 3d states relative to 

the vacuum level is equal to 5.9 eV. The maximum of the density of 2p 

states of 4- lies 10.5 eV below the vacuum level. In photoemission 

from iron oxide the fine structure of the energy spectra of photo- 

electrons is due to multiparticle interactions in the process of 

photodetachment of an electron from the 3d states of ~ e ~ + .  Optical 

absorption bands in the near IR to UV region of the optical spectra of 

a-Fe2Oj [176] and ~ e ) *  in Fe2O3 have been attributed to either crystal 

field or charge transfer electronic processes [177]. The bands at 

18690, 16670, and 12000 cm-l in optical absorption spectrum (1781 are 

considered to arise from spin-forbidden ligand field transition. The 

transitions at 1 1560, 12900, 16670, and 18690 cm'l have been assigned 

to various ligand field transitions. The bands occurring at 20408 and 

23800 are considered to arise from spin-flip transitions among the 2t2g 

and 3eg states. The peaks at 26670 and 31750 cm-I arise from 02-to 



~ e ~ +  charge transfer between the 02p nonbonding orbitals and the lowest 

empty orbital. The peaks at 38900 and 44840 cm'l are charge transfer 

transitions from Ozp nonbonding levels to the 3eg orbital. In Fe2O3 

the lowest band gap is indirect at 1.88 eV. The first direct transi- 

tion is at 2.75 eV [177]. 

The dielectric constant measurements of high density, insulating a- 

Fe2O3 were made at various frequencies using a parallel plate capacita- 

nce method [179]. The dielectric constant, e, was calculated from 

capacitance data according to the following equation: 

where t and A are the disk thickness and area and AC is the difference 

in the capacitance with and without the sample. A dielectric constant 

value of 80 was obtained. Quinn et al. (1801 reported a value of 120 

for a single face Fe2O3. There are reports in literature of dielectric 

constant ranging from 70- 140 (1 8 11. 

2.7 Electronic Transport and Impurity Related Effects 

Stoichiometric a-Fe203 is an intrinsic n-type semiconductor with a 

band gap of 2.2 eV. The early semiconducting properties for pure and 

Ti-doped iron oxide have been examined by Morin (182- 1831. The 

resistivity of a pure stoichiometric sample at room temperature is 

estimated at 1014 n-cm. An extraordinary Hall effect has been ob- 

served. The carrier density, worked out from the Seebeck effect, leads 

to the mobility being calculated at less than lo-* cm2 v-' sec-l, 



increasing exponentially with temperature [183]. It is possible to 

produce a less resistive iron oxide by reducing some of the ~ e ~ +  to 

~ e ~ +  state. ' The Fe2O3 is then a mixed valence compound with enhanced 

conductivity at room temperature which is due to a hopping process for 

electrons between ~ e ~ +  and ~ e ~ +  ions [184]. The ~ e ~ +  ions can be 

introduced by producing oxygen deficiencies or by adding a dopant, 

which induces a charge compensation process. However, the corundum a- 

Fez03 phase has a low solubility for divalent ions [185-1861, since the 

~ e ~ + ~ - ~ - ~ e ~ + ~ - 0 ~  stoichiome try induces the formation of the Fe3Oq 

spinel phase. Thus, it is difficult to prepare homogeneous doped 

semiconducting samples of Fez03 without Fe304 phase inclusions [187]. 

Warnes et al. [184] studied electrical conductivity and Seebeck 

voltage for 99.9997% Fez03 as a function of temperature and oxygen 

pressure, and donor and acceptor doped Fe2O3 as a function of tempera- 

ture. The results indicate that Fe2O3 is an intrinsic semiconductor 

above 650"C, where the conductivity is described by: 

and it is oxygen-pressure independent. The Seebeck voltage shows that 

Fez03 is n-type below 800°C and p-type above this temperature. 

Conductivity measurements on doped samples were used to calculate the 

carrier mobilities and these are given by the expressions: 



The electrois are the most mobile carrier below - 800"C, but the hole 

is more mobile above 800°C, and this probably explains the conversion 

from n- to p-type behavior. The concentration of electrons is greater 

than that of the holes above 650°C, and the carrier concentration 

product is given by: 

(np) = 1.34~10~~ex~(-0.78e~/k~) 

The formation expressions for atomic imperfection defects are: 

Fe2O3 = 2(Feint) + 2Nn + 3/202 

where N = 2 or 3 and 

There are other numerous studies of electrical conductivities of doped 

Fez03 for example hydrous Fe2O3 [188], Cd-doped Fe2O3 [189], r-Fe203 

[190]. 

R. Dieckmann [I911 studied the nonstoichiometry and point defect 

structure of Fe3O4 by thermogravimetry covering the stability range of 

magnetite between 900 and 1400°C. He observed a cation deficit at high 

oxygen activities and a cation excess at low oxygen activities cor- 

responding to cation vacancies and iron interstitials as the predomin- 



ant point defects, respectively. 

2.8 Pbotoanodes 

In 1972 Fujishima and Honda [192] first reported on the successful 

photodissociation of water using n-Ti02 as the semiconducting photoan- 

ode (1931. Since that time a wide variety of materials and combina- 

tions of materials have been tested in the hope of finding the right 

combination to yield a satisfactory energy conversion efficiency. The 

list of articles published on this subject is far too lengthy to 

acknowledge here. This work concentrated on studying Fe2O3 photo- 

electrodes, therefore, a detailed literature survey dealing with iron 

oxide will be presented in this section. 

2.8.1 Single Crystals 

Quinn et al. [I801 first studied as grown (012) face of single 

crystal a-Fe203 in photoassisted electrolysis of water. Photocurrents 

were observed at wavelengths shorter than 565 nm (2.2 eV). Although 

about 29% of the AM1 solar energy is absorbed, efficient solar conver- 

sion cannot be obtained without a small positive bias due to insuffi- 

cient band bending with no applied bias. However, at a bias of 0.5 V, 

approximately 20% collection efficiency of the 3.4 eV light (475 nm) is 

observed. The electrodes were stable for pH > 6.3 and potentials 

anodic of -0.4 V (pH = 6.3). 

Pollert et al. [194] studied high purity single crystals grown by 

CVD technique. Two indirect electronic transitions were observed at 

2.04 and 2.32 eV and were ascribed to iron-iron charge transfers. They 



also showed that the difference between the flat-band potential and the 

photocurrent onset potential increases strongly with increasing donor 

concentration. 

Kung et al. [195] showed that Fez03 was the first material whose 

optical and photoelectrochemical spectra were different. 

In the optical spectrum there are two features. The peak at 850 nm and 

sharp edge beginning at 705 nrn are due to the two crystal field (or 

color-center) transitions. The charge-transfer bands at higher 

energies were not resolved in the optical spectrum. In the photo- 

electrochemical spectrum the edge is due to the lowest energy charge- 

transfer band at 390 nm. The onset at 600 nm is from the tail of the 

intensely absorbing peak which is broadened by the relatively large 

slit width used when obtaining the spectrum. 

Single crystals of Nb-doped Fe2O3 were grown by a CVD technique 

(1961 with room temperature resistivity of 85 n-cm. Magnetic suscep- 

tibility studies suggested that the conductivity of the samples 

resulted from charge compensation resulting from reduction of ~ e ~ +  to 

~ e ~ +  upon niobium substitution in the structure. Electrical measure- 

ments gave an activation energy for the electron hopping of 0.22 eV. 

The voltammograms in the dark showed very low dark current (1 ~ ~ / c m ~ )  

in the range between -1.0 and +0.7 V (SCE). Under illumination they 

showed photocurrents in the range of 500 to 700 ~ ~ / c r n ~  at +0.4 V (SCE). 

Redon et al. [197] studied differences in the optical and photo- 

electrochemical behaviors of single crystal and amorphous Fez03 layer 

formed by sputtering. The most important differences were the p-type 

behavior of the sputtered amorphous Fez03 versus n-type behavior for 



the single crystal. This result may be due to impurities or to the 

gold contact bn the electrode which may also be illuminated because the 

layer of FeiO3 was very thin. 

Capacitance-voltage measurements have been carried out on Zr-doped 

a-Fez03 single crystal electrodes [198]. Two types of behavior have 

been observed on the Mott-Schottky plots of the capacitance data. The 

first one occurs near the flat-band potential and has been attributed 

to a localized interface state. The second one is observed far from 

the flat-band potential and can be explained by a deep donor level. 

Evidence for the deep level has also been obtained from a sub-band gap 

photocurrent peak, and from the shift of the band-gap photocurrent 

onset with regard to the flat-band potential. 

2.8.2 Thin Films 

Thin films of iron oxide were prepared on a variety of substrates 

(Ti, Pt, glass, quartz, Al2O3, Nb, and Ta) by chemical vapor deposition 

(CVD) from ferrocene and by spray pyrolysis of ferric citrate solution, 

in the presence of oxygen [199]. The films obtained by spray pyrolysis 

[200] were not very good for photoelectrochemical cells, because of the 

nonuniformity of the surface. At low deposition temperatures it is 

possible to get amorphous films of Fe2O3. At intermediate temperatures 

a-Fe203 coexists with 8-Fe203, whereas at higher deposition tempera- 

tures (>450°C) only a-Fe203 is formed. 

Hardee et al. [20 1 -2021 prepared polycrystalline n- type Fe2O3 thin 

films by a CVD technique on Ti and Pt substrates. They studied 

current-voltage relationships for these thin films. The cathodic 



currents observed in the dark were attributed to the reduction of 

dissolved oxygen and of the Fe2O3. When nitrogen was bubbled through 

the solution, the current at potentials more positive than -0.4 V 

markedly decreased; however the currents at more negative potentials 

were not affected appreciably. Under illumination there was a large 

rise in anodic current commencing at about t0.2 V vs. SCE, with both Pt 

and Ti substrates. Gas evolution appeared promptly with the anodic 

current and was quite noticeable on the electrode surface, implying 

that the reaction was the photoassisted oxidation of water to produce 

oxygen. In the dark at t1.2 V, the Fe2O3 coated substrates exhibited a 

large current rise with simultaneous gas evolution. This probably 

represents the direct oxidation of water at these potentials as a 

result of tunneling through the film. The transient currents observed 

in these samples can be explained in terms of surface recombination or 

backreaction of the photogenerated species. Thus the oxygen (or 

hydroxyl radicals) which is produced by the photogenerated holes is 

thermodynamically reducible at potentials on the rising portion of the 

I-V curve. A backreaction between these and any electrons at the 

surface produces a backreaction (which is equivalent to a surface 

electron-hole recombination) and a cathodic current component. This 

component decreases as the potential is made more positive. 

Fredlein et al. [203] studied CVD films of Fe2O3 in acetonitrile 

solutions by cyclic voltammetry. There is evidence that surface 

electronic states capable of mediating electron transfer exist at - 0.9 

eV and - 1.8 eV negative of conduction band edge. The results are 

interpreted in terms of a narrow conduction band of width dependent on 



the dopant level. 

The general discussion on theory and use of cyclic voltammetry is 

described in several references [204-2061. Also the subject is covered 

in detail in any advanced electrochemistry text. 

Tjong [207] prepared thin films by r-f sputtering technique. X-ray 

diffraction and Auger electron spectroscopic techniques showed that the 

films were a-Fe203. A-C impedance techniques were used to determine 

the electrochemical properties of the films which exhibited semicon- 

ducting properties in the borate buffer solution at the anodic poten- 

tials below t0.7 V vs. RHE. 

A potentiostatic transient study has been made of the deposition of 

iron oxides on a rotating platinum ring electrode from pH 4-5 FeS04 

solutions [208]. The rate of film deposition is found to increase with 

ferrous concentration, pH, and rotational speed. The results indicate 

that the oxide deposition is a diffusion-controlled process, possibly 

due to the transport of F ~ O H ~  ions to the ring surface and of H+ ions 

to the bulk of the electrolyte. 

Yun et al. [209] studied dielectric properties of thermally grown 

oxide films on iron by measuring the frequency and the temperature 

dependence of the capacitance in aqueous electrolyte solutions. The 

ionization energy of donor states in the n-type iron oxide was obtained 

from calculation of the conductivity profile (0.64 eV) and from Mott- 

Schottky plots (0.69 eV). 

Photoelectrochemical properties of iron oxide thin film photoelectr- 

odes grown by thermal oxidation of iron have been investigated by 

numerous investigators [2 10-2 131. The findings of these investigators 



are comparable to results obtained by other investigators discussed 

above. 

Pajkossy studied theoretical mechanism of hole injection of thermal- 

ly grown thin film iron oxide photoelectrodes [214]. 

The aim of this investigation was to determine whether hole injection 

at the interface proceeds directly from the valence band or via surface 

states. The photocurrent was measured on ferric oxide electrodes at 

constant electrode potential and slightly modulated illumination as a 

function of reducing agent concentration. It was determined from this 

investigation that holes are injected into the solution directly from 

the valence band, not via surface states. 

Itoh et al. [215] studied laser-induced fast transient photo- 

potentials on thin film Fez03 electrodes. A photopotential rise within 

300 ns was interpreted in terms of charge separation processes in the 

film, considering the contributions from both the electron and hole. 

The time course of the photopotential up to 10 As was attributed to the 

electron-hole recombination process and the interfacial charge trans- 

fer. 

Itoh et al. [216-2171 also investigated stacked thin film iron oxide 

photoelectrode. For photoanodes of materials with low mobilities it is 

advantageous to use several layers of thickness less than the space- 

charge region, thereby decreasing recombination. If the substrate on 

which the iron oxide is deposited were transparent, light transmitted 

through the electrode could be utilized by a second electrode. 

Repetition of this principle should allow most of the incident light to 

be absorbed within the space-charge regions. To compensate losses due 



to lack of absorption, ten thin (600 A) semiconductor layer electrodes 

were placed one behind the other. The resulting current increased four 

times compared to a thick electrode. 

2.8.3 Polycrystalline Electrodes 

Kennedy et al. [218-2201 extensively studied photoactivities of 

polycrystalline Fez03 doped with Zr, Ce, Si, Al, Hf, Nb, Sn, Ca, Pb, 

Ti, W, Ta, Ge, and V. Some of their results are presented in Figures 

2.3 through 2.6. As can be seen from these results many dopants of 

oxidation state +4 to +6 are effective donors for a-Fe2Oj. It was 

found that Ti is less effective compared to other +4 ions. The 

difference may result from additional energy levels introduced by the 

dopant ion. Such sites may also act as electron-hole recombination 

centers. Lower members of group IVB elements, Zr and Hf, show higher 

photocurrent efficiencies at low applied potentials compared to those 

measured at Ti-doped samples. This may reflect the fact that the +3 

oxidation state is much less stable than the +4 oxidation state for the 

heavier elements. Iron oxide samples were also thermally reduced in a 

He atmosphere. This produced a surface layer of Fe304 which acts as a 

recombination center, hence the photoactivity was much smaller. 

McAlpine et al. [221] studied oxygen reduction on Ti-doped - 
Fez03 electrodes in aqueous alkali. Cyclic voltammograms for Ti-doped 

iron oxide electrodes in 0.1 M NaOH exhibited small reduction and re- 

oxidation peaks negative of -0.4 V (SHE) and for electrodes initially 

held negative of this potential, the onset of the photocurrent occurred 
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2.3. Photocurrent density and quantum efficiency as a 
function of applied potential at 400 nm for doped 
Fez03 electrodes in 1F NaOH. 

Figure 2.4. Photocurrent density and quantum efficiency as a 
function of applied potential at 400 nm for doped 
Fez03 electrodes in IF NaOH. 
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Figure 2.5. Photocurrent density as a function of applied 
potential for doped Fez03 electrodes. 
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Figure 2.6. Photocurrent density and quantum efficiency as a 
function of applied potential at 400 nm for doped 
Fez03 electrodes in 1F NaOH. 



at potentials well positive of Vfi. These results are interpreted as 

due to the penetration of hydrogen into the lattice. The activity of 

oxygen reduction increases with dopant concentration. No oxygen 

reduction current was observed for oxygen partial pressures less than 

0.45 atm. This effect was independent of electrode potential, dopant 

concentration and almost independent of pH. The results are inter- 

preted in terms of the step: 

0 2  + H z 0  + e' = H02(ad) + OH' 

being rate-determining with titanium donors mediating charge transfer. 

Shinar et al. [222] studied open-circuit photopotentials at doped a- 

Fe2O3 electrodes in aqueous solution. The behavior of Fe2O3 in acid- 

base solution is in accordance with the ideal model that assumes fixed 

band edges. The observed difference in the dark potential between 

single crystal and sintered electrodes were due to grain boundaries 

[223]. The Voc(max) vs. Vredox relationship may result from a change 

in Vfi with Vredox due to surface states [224-2271. The density of 

surface states on an a-Fez03 surface is apparently not high enough to 

cause complete Fermi level pinning [228-2291 which would result in an 

output voltage that is constant over a wide range of Vredox values. 

Decomposition and/or oxidation ( ~ e ~ +  to ~ e ~ + )  probably take place in 

acidic solutions at high positive redox potential values under open- 

circuit conditions. Equilibration with some redox couples in the dark 

occurred only when relatively high concentrations of the oxidized forms 

were used. 



Sahami et al. [230] investigated photoelectrochemical behavior of 

Si-doped sintered polycrystalline Fe2O3 in acetonitrile solutions 

containing ihe redox couples ferrocene, Cl-, Br-, I-, ~ u ( b p y ) ~ ~ + ,  

~ e ( b p ~ ) ~ ~ + ,  and ~ e ( ~ h e n ) ~ ~ * .  There was no oxidation in the dark at the 

iron oxide electrode for these couples, but they all showed photo- 

oxidation at potentials negative of their oxidation potential at Pt. 

Cathodic back reactions of all couples, except halides, were observed. 

This indicates that surface states capable of mediating electron 

transfer from the conduction band to the oxidized form of the couples 

exist in the band gap region of the iron oxide. In addition, open- 

circuit photovoltages were found to increase with increasing redox 

potentials of these couples. An open circuit photopotential as high as 

0.8 V was obtained for ~ u ( b p y ) ~ ~ * / ~ + .  

Photoanodic oxidation of iodide and bromide ions at polycrystalline 

doped a-Fe203 electrodes in competition with oxygen production was 

investigated in the pH range 0- 13 in aqueous media 1231 -2321. It 

appears that at high pH values only iodide oxidation could compete 

effectively with water oxidation. However, in addition to the photo- 

electrochemical oxidation of iodide, evidence for secondary reactions 

involving electrogenerated species was observed mainly in highly basic 

solutions. Adsorption of I' plays a significant role in the reaction 

as well as in the photoelectrochemical properties of a-Fe203. Photo- 

oxidation of organic compounds at Si-doped Fe2O3 was investigated by 

Kennedy et al. [233-2341. Oxalic acid and, with less efficiency, 

formic acid were able to compete with water for the photogenerated 

holes at the semiconductor surface. In a nonaqueous solvent the 



reactivity of alcohols could be compared, and methanol was found to be 

much more reactive than isopropanol. The increase of current and 

organic oxidation product upon addition of water can be explained by, 

first, the high rate of water reaction with holes at the surface 

decreases recombination and results in higher photocurrents. Second, 

an intermediate in the water oxidation, such as the hydroxyl radical, 

reacts more rapidly with the organic solute than its own reaction 

leading to 02. This increases the rate of organic oxidation allowing 

water to play a catalytic role. 

Kennedy et al. 12351 measured the absorption coefficient for a-Fe203 

spectrophotometrically and from I-V curves. The calculated absorption 

coefficient, , was lxlo4 cm-l. The diffusion length found for a-Fe203 

was 2-4x10" cm. The absorption coefficient from optical measurement 

did not correspond to the absorption coefficient for the excitation 

process giving rise to the photocurrent. It is reasonable to presume 

that the absorption coefficient derived from I-V characteristics 

corresponds to the ligand to metal charge transfer ($70 ~ e ~ + ) ,  

yielding reactive holes on the oxygen sites (valence band). The 

spectrophotometric measurements show that another process with com- 

parable absorption is occurring, i.e., there is an overlap of at least 

two absorption bands. The large absorption coefficient indicated for 

this overlapping process may mean that another type of charge transfer 

is occurring, possibly metal to metal, which would give rise to a 

second type of hole, now on an iron site with a different energy level 

than the hole in the oxygen valence band. 

Anderman et al. [236] studied diffusion controlled and transient 



photocurrents of photo-oxidation reactions at polycrystalline a-Fe203. 

Steady-state photooxidation currents at a-Fe203 electrodes with low 

band bending were found to be significantly dependent on the reducing 

agents present in the electrolyte. Photooxidation of water at low band 

bending exhibited only transient character. Diffusion-controlled 

photocurrents for the photooxidation of I- and F ~ ( c N ) ~ ~ -  in acidic 

solutions, and OH- in unbuffered neutral solution were observed at an 

&-Fez03 ring disk electrode and could be fitted to the Levich equation 

[237]. 

Photocurrent-potential curves at polycrystalline a-Fe203 electrodes 

in acidic solutions are similar to those found in basic solutions 

[238]. Stable photocurrents have been demonstrated in various acidic 

media, and trace amounts of Fe(II1) detected in the working solutions 

gave an indication of the dissolution of the electrodes. The open 

circuit dissolution of iron oxide in acidic solutions can be described 

by the following reaction: 

The typical rate of dissolution under open circuit conditions was found 

to be 3-7 pm in 24 hours. Dissolution and passivation of iron and 

mechanism of passive film formation in aqueous solutions has been 

studied in great detail [239-2411. Yonayama et al. [242] studied 

electrochemical properties of a-Fe2Oj in sulfuric acid solutions. The 

anodic current, indicating the dissolution reaction, was almost 

constant and was not affected by the activity of H+ in the potential 



range 0.4-1.0 V vs. SCE, but it was dependent on the conductivity of 

the electrode. The flat- band potential shifted in the positive 

direction with increasing activity of H+. In a study of the affects of 

various redox reagents in the PEC behavior of iron oxide, Iwanski et 

al. [243] and Yoneyama et al. [244] found that a significant effects 

exist due to the action of surface states in mediating a backreaction 

between photogenerated holes with conduction band electrons. This is 

assumed to partially account for the low collection efficiency. 

Capacitance and conductivity measurements were made on high purity 

a-Fe203 and Ti-doped a-Fe203 in liquid junction cells [179]. Flat-band 

potentials and donor densities were determined from Mott-Schottky plots 

(see Figure 2.7). The break in the slopes can be explained assuming 

the existence of two kinds of donors, one very close to the conduction 

band and the other at about 0.6 V below the conduction band. The two 

slopes for each of the plots suggest that the Mott-Schottky slope may 

be written as: 

s1 = 2/ccoqN1 for V < Vc 

and 

s2 = 2/ceo(N1 + N2) for V > Vc 
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Figure 2.7. Mott-Schottky plots for polycrystalline Fe2O3. 



where N1 and N2 are the densities of the shallow and deep donors, 

respectively, and Vc is a critical voltage for ionization of the deep 

donors in the space-charge layer. The data show that the deep donor is 

located about 0.3 V below EF. Flat-band data can give the position of 

the Fermi level relative to the bottom of the conduction band (Ec) 

provided the density of states in the conduction band, Nc, is known: 

assuming each shallow donor donates one electron to the conduction 

band. For iron oxide Nc has been assumed to be 4 x 1 0 ~ ~  cm-3 [182], the 

number of cations in the lattice. The Fermi level is then calculated 

to be 0.3 V below the conduction band. Energy level diagram based on 

these results can be seen in Figure 2.8. The following results were 

obtained, Vfi = -0.64 V vs. SCE in 0.1 M NaOH for pure a-Fe203 and Vfi 

= -1.0 V vs. SCE in 1M NaOH for Ti-Fe203. Potentials for zero photo- 

current 1245-2491 were determined using chopped light and were in 

excellent agreement in basic solution with flat-band potentials 

calculated from capacitance measurements. The observations and 

conclusions described above were also reported by many other inves- 

tigators [250-2731 but since their work and results were very similar 

they will not be discussed in detail. 

Paj kossy [6 1 -621 studied phenomenological kinetics of photoelectro- 

chemical processes on iron oxide electrodes. The dependence of 

photocurrent on reducing agent concentration was described in terms of 

a model of competition kinetics. A simple mechanism was proposed: 
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Figure 2.8. Energy level diagram for polycrystalline Fe2Og. 



photogenerated minority carriers, arriving at the surface are either 

injected into the solution or recombine. The flux of minority car- 

riers, i. e. hole flux can be determined as a parameter of the kinetic 

equation. Indirect evidence has been found that the experimentally 

determined hole flux as a function of light intensity and electrode 

potential cannot be described in terms of Gartner's depletion layer 

theory. Pajkossy et al. [274] studied impedance spectra of thermally 

grown a-Fez03 in aqueous solution system. An equivalent circuit was 

constructed and its elements determined by parameter fitting. The 

equivalent circuit consisting of three resistance and two non-identical 

constant phase angle impedances (CPAI) was found to be adequate for 

fitting the experimental data. The effect of experimental conditions 

on circuit parameters enabled the identification of one of the resis- 

tances as the element which characterizes charge transfer between the 

two phases, one of the CPAI corresponds to the space charge layer and 

some indication can be given regarding the role of further elements. 

Dare-Edwards et al. [275] studied Fez03 as a possible semiconductor 

for use in solar photoelectrolysis cells. The results of this study 

indicate that the problems encountered in the study of iron oxide as a 

photoanode can be traced to unfavorable surface rather than bulk 

properties. These unfavorable surface properties might have two 

origins. The first is that the surface may be induced to reconstruct, 

at least partially, to a form that has electrochemical properties very 

similar to those of Fe3O4. The second is that the intrinsic faradaic 

rate constant for the oxidation of water on Fe203 is substantially 

smaller than on other semiconductors studied. This fact lends strong 



support to a placement of any hole energies in the ~ e ~ +  eg2 level above 

the top of the 0 2p6 band. Rapid hole capture by these levels at or 

near the suri'ace leads to the fact that oxidation of water must take 

place from holes on ~ e ~ +  ions rather than holes in the 0 2p6 band 

[276]. 

Benko et al. [277] made a comparison of the photoelectrochemical 

properties of Sn-doped Fe2O3 in amorphous and polycrystalline forms. 

There were no real differences in optical band gaps, Mott-Schottky 

intercepts, band-edge positions, and optical absorption spectra. For 

the photo-oxidation of water, the difference between instantaneous and 

steady-state photocurrents is much larger for the amorphous than for 

the crystalline form, which indicates a difference in the density 

and/or effectiveness of surface states. The dark current of the 

amorphous form is larger, and its quantum efficiency in the ultraviolet 

is smaller. 

Schiller et al. [278-2791 studied the effect of gamma radiation on 

the photoelectrochemical response of thermally grown iron oxide. A 

dose dependent decrease in the photocurrent was found. The data, 

, discussed in terms of Gartner theory, enable one to evaluate the width 

of the space-charge layer and the diffusion length of the minority 

charge carriers as a function of dose. There are number of papers 

discussing photoelectrochemical properties of n-type semiconducting 

ferrite electrodes [280-2851. 

Benko et al. [281] and Haart et al. [281] investigated MgFe204 with 

spinel structure. Matsumoto et al. [285] investigated electronic and 

photoelectrochemical properties of Zn-Ti-Fe spinel oxides. Wakabayashi 



et al. [282] studied electrochemical properties of Mn, Zn, Co, and Ni 

ferrites. 

2.8.4 Heterojunctions 

One of the possible techniques to find a breakthrough in the 

photoelectrolysis of water may be the employment of a heterostructure 

semiconductor electrode, instead of using a single homogeneous material 

electrode in a photocell. 

Liou et al. [286-2871 prepared Fe203/Ti02 heterojunction electrodes 

by CVD application of Ti02 onto Fe2O3 substrates. They calculated the 

band edge mismatches to be 0.38 eV at the conduction band and 0.42 eV 

at the valence band. They theorized that if the Ti02 films were made 

thin enough (- 1000 A), the depletion layer of the sample might extend 

through the Ti02 film into the substrate. This will then allow 

photogenerated pairs to be separated, bringing the holes from the 

substrate to the film barrier. The application of a small anodic bias 

will then allow the holes to overcome the valence band energy barrier. 

They found that this occurs, but the necessity of an external bias 

remains a problem. 

Ono et al. [288-2891, Osaka et al. [290], and Tsubomura et al. (2911 

have studied photoelectrochemical properties of Fe203/n-Si heterojunc- 

tions for photoelectrochemical solar energy conversion. A heterostruc- 

ture electrode which was composed of n-type Si coated with a thin layer 

of Fe203 showed 0 2  evolution current as high as 50 p ~ / c m 2  under an 

illumination of 0.1 w/cm2. The highly efficient conversion of light 

into photocurrent was due to the efficient hole injection from Si 



across the interface of the heterostructure. The spectral response of 

the photocurrent covered the range between 250 and 1140 nm, and the 

quantum yiild was nearly 80% in the range between 480 and 850 nm at 2 V 

vs. SCE for an electrode with a 200 A thick iron oxide film. 

Mettee et al. [292] assembled a p/n monolithic photochemical diode 

consisting of n-Fez03 anode and Zn-doped p-GaAs cathode (see Figure 

2.9). When this cell was exposed to visible and near UV radiation in 

aqueous solution, hydrogen was produced in relatively low quantum 

yields. This unit also splits sea water using incident solar radia- 

tion. Both photoelectrode materials showed enhancements of their 

photocurrents when catalysts (Ru02 on n-Fez03 and Pt on p-GaAs) were 

deposited on their surfaces. 

Somorjai et al. [293-2961 reported successful photodissociation of 

water to produce hydrogen and oxygen without any bias using a polycrys- 

talline p/n assembly made out of Mg-, and Si-doped Fe2O3. By connect- 

ing n-type and p-type iron oxide polycrystalline pressed disks with a 

conducting wire, immersing the assembly in a 0.1 M Na2S04 aqueous 

solution and irradiating the electrodes hydrogen evolution and a 

photocurrent across the samples were detectable (see Figure 2.10 and 

2.11). The hydrogen production rate was in the range of 1-2 hydrogen 

molecules per site per minute and the photocurrent was of the order of 

10 Ct~/cm'2. The reaction is thus catalytic and can be carried out for 

6-8 hours without any sign of poisoning. When the photoinduced 

hydrogen production and the corresponding photocurrent eventually 

decline they can be regenerated by passing oxygen gas over the 

catalyst iron oxide surfaces. The poisoning effect is not observed as 
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Figure 2.10. Schematic illustration of p/n assembly for the 
photodissociation of water using doped Fe2O3 
electrodes. 



t 1 I 1- 1 
* 

Photocurrent vs. - Electrode Potentiol 

ZOO- 0.01 N NOOH 

- n -type elec trod e - 
C 

CU 

3 

x 
Y 

* 
C . - 
Y) 
c - - 
a 
0 
C 

C 

0 
C 

0 
I 
a -. 

Mg /Mg + Fe = 5 otom % 

I L I 
0 200 400 600 
I 
800 1000 

mV, RHE 

Figure 2.1 1 .  Photocurrents for n-type (Si-doped) and p-type (Mg- 
doped) Fez03 electrodes under biased conditions. 



long as oxygen is continuously passing over the surface. 

2.9 Metallized Electrodes 

Wrighton et al. [297] showed that platinized n-type SrTiOj and KTa03 

evolve oxygen and hydrogen from alkaline aqueous solutions when 

irradiated with ultraviolet light. The irradiated portions of the 

metal oxide behave as the photoanode and the dark platinized portions 

behave as the cathode. The nonplatinized oxides are energetically 

capable of evolving H2 and 0 2  upon irradiation but the overvoltage for 

H2 is too great [298-3001. The general requirement for the short- 

circuit redox chemistry at the irradiated n-type semiconductor surface 

is that the dark cathodic reaction occur at a potential more positive 

than the anodic reaction upon irradiation [301]. The role of the 

platinum coating is to reduce the H2 overvoltage to meet this require- 

ment. 

Also Koudelka et al. [302] and Heller (3031 discussed cathodic 

behavior of platinized Ti02 electrodes, important strong metal-support 

interactions with respect to various gas phase reactions. 

Heller et al. (3041 and Nakato et al. [305] reported preparing very 

thin transparent films of platinum and also discontinuous platinum 

films on semiconductors. The use of the thin metal coating has, 

however, a problem in that electrodes coated with continuous metal 

layers generally lose photovoltages arising from semiconductor/liquid 

junctions, showing only small photovoltages arising from semiconduc- 

tor/metal junctions. For a discontinuous metal coated semiconductor 



covered parts is different from that at the naked parts. Therefore a 

microscopically discontinuous layer on a semiconductor electrode does 

not destroy-the photovoltage arising from a semiconductor/solution 

junction and yet it retains the catalytic and the stabilizing func- 

tions. 

Kobayashi et al. [306] studied the role of Pt overlayers on Ti02 

electrodes in enhancement of the rate of cathodic processes. Improve- 

ments in the cathodic properties by platinization occur in two dif- 

ferent modes. One is related to high electrocatalytic activity of Pt, 

the other results from enhancement of probabilities of electron 

exchange between the electrode and electrolyte species caused by 

platinization. 

Sammells et al. 13071 noticed enhanced photocurrent in platinized 

Fez03 electrodes. The platinum was sputtered on the Fe2O3 surface. 

The increase in photocurrent was ascribed to the electrocatalytic 

nature of platinum in oxygen evolution as previously discussed. 

Richardson et al. [308] studied the effect of Rhodium on Fe2O3 and 

Ti02 electrodes. They also observed similar effects in enhancing the 

photocurrent by Rh addition. They suggested that the noble metal 

enhances the kinetics of photoanodic oxygen evolution reaction. 

St. John et al. 13091 have investigated photochemistry of thermally 

grown platinum containing iron oxide photoanodes. They also reported 

enhancement in photoactivity of platinized samples. They found that 

the platinum gave a more negative flat-band potential. 

Because these results were very interesting and promising and no 

detailed investigation has been performed on determining the platinum 



detailed investigation has been performed on determining the platinum 

effect on iron oxide photoelectrodes this work will be concerned with 

that question. 

2.10 Pbotocathodes 

Somorjai et al. [164,310-3121 and Holihan et al. [313-3141 

have prepared Mg doped Fe2O3 which showed photocathodic behavior in a 

photoelectrochemical cell. The resistivity of the samples with low 

doping density (< 2% Mg) was on the order of 103 $2-cm which is very 

high for efficient PEC, so the samples were doped with up to 20 atomic 

percent magnesium which decreased the resistivity to 10 $2-cm. Seebeck 

voltages showed that material was n-type but photoelectrochemistry 

showed cathodic photocurrents or p-type behavior. These discrepancies 

were assigned to poor preparation technique producing multiphase 

inhomogeneous samples. Samples showed a very small photocurrent and 

the dark current was almost the same magnitude as the photocurrent 

which was due to the high resistance of the samples. 

Tinnemans et al. [315-316) also studied the photoelectrochemical and 

interfacial phenomena in polycrystalline Mg-doped Fe2O3. The materials 

prepared by solid state reaction are essentially single-phase for Mg 

concentrations not exceeding 0.5%. The positive sign of the photovol- 

tage and of the thermoelectric power q, confirmed that the material was 

a p-type semiconductor. Carrier concentrations calculated from q, 

revealed that for up to about 0.1% Mg, each Nlg2+ introduces one 

electron-hole. The a.c. conductivities, yielded conductivity activa- 

tion enthalpies of about 0.5 eV in the temperature region 300-800 K, 



and were affected by grain growth and porosity. The flat-band poten- 

tial was determined to be +2.2 V vs. SCE at pH = 10. PEC photocurrents 

in the visible region correspond to very low (- 0.1%) monochromatic 

quantum efficiency which was due to the low electron-hole mobility. 

The electronic transition in the visible region is indirect, and 

evidence has been found for this transition to be Fe-Fe charge trans- 

fer. 

2.11 Photocatalysts 

In the field of artificial photosynthesis [317-3191 attempts are 

presently made to design functional molecular assemblies that achieve 

the task of fuel formation by visible light. Colloidal semiconductors 

[320-3241 exhibit several advantegous features that make them attrac- . 

tive candidates to be employed as light harvesting units in such 

devices. These particles combine a number of desirable properties, 

such as high extinction coefficients, fast carrier diffusion to the 

interface and suitable positioning of their valence and conduction 

bands, to achieve high efficiencies in the light energy conversion 

process. Furthermore, the possibility of modifying the surface of the 

semiconductor particle by chemisorption, chemical derivatization [325] 

and/or catalyst deposition [326-3321 to assist light-induced charge 

separation and subsequent fuel-generating dark reaction is particularly 

attractive. 

Photochemistry of iron oxide colloids [333] and colloidal iron oxide 

poiymorphs [334] has been studied in detail. Gratzel et al. [335] 



of chloride ions. The rate of corrosion was enhanced by a factor of 

ten upon band gap excitation using visible light. Surface adsorption 

and ease o i  complex formation with solution species are shown to be a 

major factor in the dissolution process. 

Moser et al. [336] studied laser photolysis of halide oxidation with 

colloidal Fez03 (600 A particle radius). For I2 formation, the quantum 

yield exceeds 0.9 which indicates almost quantitative hole scavenging 

by iodide. 

Dimitrijevic et al. [337] investigated the kinetics and equilibria 

of electron transfer between methylviologen cation radicals and Fe2O3 

colloidal particles with the pulse-radiolysis technique. The rate of 

electron transfer is lower than predicted for a diffusion-controlled 

reaction. The flat-band potential appears to be more negative (-0.1 to 

-0.2 V) than the corresponding single crystal electrode. 

Haupt et al. [338] produced oxygen from water upon illumination of a 

solution of ferric oxide colloid with visible light. Silver nitrate 

was used as an electron scavenger and quantum efficiencies of the order 

of 1% were obtained. 

Nakanishi et al. [339] photochemically produced hydrogen from small 

particles of Mg-doped iron oxides in a methanol-water (1:l) m.ixture. 

The efficiency of the reaction increased substantially when the powders 

were loaded with platinum. Hydrogen production from these Mg-Fe203 

particles is photocatalytic and occurs mainly as a result of band gap 

irradiation, but also occurs in small amounts with sub-band gap 

irradiation. There was a linearly increasing dependence of the H2 

production with increasing light intensity. 



Khader et al. [340] produced H2 and NH3 from suspensions of reduced 

Fe2O3 (10% Fe304) catalyst particles or sintered pellets in water. 

Catalytic action was demonstrated by detecting H2 yields many times the 

stoichiometric equivalent of the measured Fe(I1) content of the 

catalyst, up to a factor 80 for H2 and 20 for NH3. The initial rate of 

formation of H2 was 40 pmol/h.g of catalyst and for NH3 was 10 pmol/h.g 

of catalyst. The formation of 0 2  was shown by mass spectrometric 

observation using 180 labeled water. 



CHAPTER THREE 

EXPERIMENTAL PROCEDURES 

3.1 Sample Preparation 

The samples used in this investigation were prepared primarily by 

two preparation techniques. The first technique is a solid state 

reaction of mixed oxides and second technique is by freeze-drying [134- 

1351. The samples prepared by the freeze-drying technique will be 

compared to the samples prepared by the solid state mixing technique. 

Parameters that will be compared in the samples prepared by the two 

technique are: structure, surface area, homogeneity of doping, electri- 

cal conductivity, photoactivi ty, photoelectrochemical behavior, 

pho tocatalytic behavior, and capacitance. 

3.1.1 Solid State Mixing Technique 

The samples were prepared from high purity, 99.999% a-Fe203 (Johnson 

Matthey Inc.), 99.999% Si02 (Johnson Matthey Inc.), 99.999% MgO 

(Johnson Matthey Inc.), and 99.999% Platinum black (Johnson Matthey 

Inc.). The silicon or magnesium doped samples were prepared by 

grinding and mixing of stoichiometric amounts of oxides in a methanol 

slurry using an agate mortar. The platinum doped samples were prepared 

by mixing other oxides with powdered platinum. The oxides were first 

ground dry in the mortar for about 20 minutes, then the methanol was 

added and the slurry was then mixed for an additional 20 minutes. 



After about 45 minutes of grinding and mixing, the slurry was dried in 

an oven at 70°C under flowing nitrogen to eliminate adsorbed methanol. 

The dried powder was ground again in the mortar for a few minutes, then 

mixed with polyvinyl alcohol (used as a binder) and pressed under a 

load of 40,000 psi into discs of about 1 cm diameter and about 0.1 cm 

thickness. The pellets were placed on a bed of a material of the same 

composition (to prevent contamination) in an alumina boat and sintered 

in air at 1385°C for 48 hours. The sintered pellets were then quenched 

in air to room temperature. 

3.1.2 Freeze-Drying Technique 

Colloidal sols of Fe2O3, Si02, Pt, and MgO were prepared first. The 

colloidal Fe2O3 was prepared by hydrolyzing Fe(N03)3,6H20 (99.99% 

Baker) or FeC13.6H20 (99.99% Baker) salt solutions [124-1261. The 

solutions were hydrolyzed at 90- 100°C by adding the solutions dropwise 

into hot deionized water while constantly stirring the reaction 

mixture. The colloidal sols were then cooled to room temperature and 

transferred into a dialyzing cellulose tubing. The sols were then 

dialyzed against deionized water for several days until no C1' or NO3' 

ions could be detected and the pH of the sols reached the pH of the 

deionized water (pH - 5.5). The resulting sol concentrations ranged 

from 1 gram Fez03 per 1 liter of the sol to as high as 15 grams Fe2O3 

per 1 liter of the sol. The concentration of the Fe2O3 sol was 

determined spectrophotometrically [341] by complexing ~ e ~ +  with SCN' 

and measuring the absorbance of the red complex at 480 nm on a Lambda-9 

UV/VIS Perkin-Elmer spectrophotometer. 



The magnesium sol was prepared by hydrolysis of Mg(OH)2. The 

concentration of the MgO sol was determined spectrophotometrically 

[342] by cobplexing the M ~ ~ +  with the Titan Yellow (Thiazol yellow) and 

measuring the absorbance of the pink complex at 545 nm. 

The colloidal Si02 sol was prepared by hydrolyzing Sic14 in deioni- 

zed water at 0°C [343-3441. The acidic sol was then dialyzed against 

deionized water until all chloride ions were removed. The concentra- 

tion of the SiO2 sol was determined spectrophotometrically by a 

complexing reaction with ammonium molybdate and reduction to the 

heteropoly blue with I -amino-2-naphthol-4-sulfonic acid. The absor- 

bance of the blue complex was measured at 811 nm [345]. 

The platinum sol was prepared by reduction of H2PtCb.nH20 (99.999% 

Aldrich) with sodium citrate at 100°C [346]. The black platinum sol 

was then dialyzed for a week to remove any excess of the reducing 

agent. The typical concentration of the platinum sol was 200 mg/L. 

The prepared colloidal sols were then used to prepare silicon, 

magnesium, and platinum doped Fe2O3 with dopant concentrations ranging 

from 0.1 to 5 atomic percent. Stoichiometric amounts of the colloidal 

oxides were thoroughly mixed in a reaction vessel. The mixed sols were 

then quickly frozen by submerging the vessel in a liquid nitrogen bath. 

An alternative freezing method was used in which the sols were atomized 

directly into the liquid nitrogen. The reaction vessel with a frozen 

sample was attached to a freeze-drying apparatus consisting of the 

reaction vessel connected to a liquid nitrogen trap supported by a 

vacuum pump. Figure 3.1 shows a schematic of the freeze-drying 

apparatus. An infrared lamp was used to speed up the drying process. 
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Figure 3.1. A schematic diagram of the freeze-drying apparatus. 



The resulting fine powder was processed as described in section 3.1.1. 

3.2 Structural Characterization 

The powdered and sintered samples were characterized by Perkin-Elmer 

1800 FT-IR in the form of KBr pellets. The samples were purged with 

dry nitrogen prior to scanning to eliminate adsorbed moisture. The 

infrared investigation was usually performed in the 4000-400 cm- l 

region by scanning each sample at least lox to minimize the noise. 

The samples (both powders and pellets) were also characterized by a 

Siemens X-ray diff ractometer (Tektronix Inc.). The samples were 

scanned four times at O.O2"/second from 4' to 104' using Cu-Ka radia- 

tion. The pellets were scanned directly and powders were arranged on a 

special aluminum holder capable of holding six powdered samples. 

Surface area of the samples was determined by nitrogen desorption 

technique on a Quantasorb instrument (Portland State University). 

3.3 Electron Microscopy Studies 

The powdered samples were examined with a Hitachi HU-800 scanning 

transmission electron microscope (STEM) and with a JEOL 35C scanning 

electron microscope (SEM) equipped with a Tracor Northern 5500 energy 

dispersive X-ray analyzer (EDX). To prevent surface charging of the 

semiconducting Fez03 in the SEM, samples were coated with Au-Pd film (- 

200 A) using a Technics Hummer I1 sputtering system. SEM analysis 

consisted of studying powder morphology and grain size; grain size, 

porosity and chemical composition on the surface of sintered pellets; 

grain size and chemical composition on the fracture surface of the 



pellets. SEM analysis was also performed on the samples after photo- 

electrochemical and photocorrosion experiments. 

The powdered samples for STEM analysis were prepared by suspending 

the powder in an alcohol and depositing the suspension on a copper grid 

coated with a Formvar film. The grid with the sample was then coated 

with carbon in an Elion DV-502 carbon evaporator. 

3.4 Electrical Conductivity and Dielectric Measurements 

The electrical conductivity was measured on the sintered pellets by 

a four point Van der Pauw technique [346-3481 and with a Hewlett- 

Packard 4260A ac impedance conductivity bridge operating at lkHz 

frequency. The problems of producing ohmic contacts of low resistance 

to semiconductors was studied and discussed in detail by Odekirk [349]. 

The contacts were made by rubbing the surface of the sample with an 

In0 995Ga0 005 alloy, then coating the contact with a DuPont conductive 

silver paste, and finally soldering a fine copper wire to the sample 

with the Ino.gg5Gq.005 alloy. A current to the sample was supplied by 

a Keithley 225 current source and voltage was measured using a Keithley 

191 or 175 digital multimeter. 

The dielectric constant was measured using a parallel plate techni- 

que [179]. The dielectric cell was a parallel plate type made of 

copper with the area of one plate much larger (- 100x) than the other. 

The sample was coated from both sides with a DuPont conductive silver 

paste. The cell was connected to a Hewlett-Packard 4260A capacitance 

bridge and the capacitance measured with and without the Fe2O3 sample 

at 1 kHz frequency. 



The dielectric constant, c, was calculated from capacitance data 

according to the following equation: 

where t and A are the disk thickness and area, Cs is the capacitance 

with the sample, and Co is the capacitance without the sample. 

3.5 Photoelecttochemical and Capacitance Measurements 

A single compartment, gas tight photoelectrochemical reaction cell 

was designed and constructed from an optically transparent quartz with 

two optical windows. A top cover for the reaction cell was made from a 

pyrex glass with openings for a working electrode, reference electrode, 

counter electrode, gas sampling valve, and inert gas inlet and outlet 

ports. A platinum mesh electrode was used as a counter electrode. A 

standard calomel electrode (SCE) or a silver/silver chloride electrode 

(SSE) were used as a reference electrodes. Argon gas was used as an 

inert atmosphere for most of the experiments. 

The photoanodes or photocathodes were prepared from sintered ceramic 

disks or pieces of the disks of thickness about 0.1 cm and of a known 

surface area. Ohmic contact was provided by rubbing the back surface 

of each photoelectrode with In0.995Ga0.005 alloy and DuPont conducting 

silver paste. Indium solder was then used to attach a tinned copper 

wire to this back surface, which was then coated with DuPont conducting 

silver paste. The photoelectrodes were then sealed with epoxy resin 

(Armstrong Industrial Epoxy, kit A-2/W) to the lower open end of an L- 



shaped pyrex glass tube, so that only the untreated front face was 

exposed to the electrolyte and the rear contact being protected inside 

the glass tube. The electrolyte used in these experiments was 1M NaOH 

+ 0.01M KNO3 prepared from analytical grade NaOH and KNO3 and deionized 

water. The electrolyte pH of 13.6 was measured with a Cole-Palmer 

digital pH meter. 

Figure 3.2 dc ?onstrates the photoelectrochemical experimental 

arrangement. The open circuit dark potential was measured first by 

connecting a working electrode to a positive side of a Keithley 175 

autoranging digital multimeter and connecting the reference electrode 

to a negative side of the multimeter. The open circuit photopotential 

was measured after a photoelectrode was irradiated wi th  an Oriel 150 

watt compact xenon illuminator. 

The current-potential measurements were performed under a flowing 

argon atmosphere while stirring the electrolyte with a magnetic 

stirring bar on a stirring plate. The electrode potential was set by 

an M 4100 Petrolyte Instruments potentiostat. Continuous dark current 

versus time was monitored on an M 4100 potentiodyne X-Y-t analyzer 

until the dark current became stable and then the photoelectrode was 

illuminated with an Oriel 150 W compact xenon illuminator. The 

radiation was filtered through a 10 cm long quartz water filter to 

remove infrared radiation and prevent heating of the sample, and 420 nm 

cut off filter to remove ultraviolet radiation. The resulting photo- 

current was monitored continuously versus time on the same instrument. 

The applied voltages and resulting currents were monitored with a 

Keithley 175 autoranging digital multimeter. The gaseous products of 



Figure 3.2. Experimental arrangement for the photoelectrochemical 
measurements. 
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the electrochemical reactions were analyzed by an Aerograph A 90-P3 gas 

chromatograph equipped with a glass column packed with a molecular 

sieve 5A arid an argon carrier gas. Qualitative and quantitative 

analysis of the peaks was performed on a Spectra Physics SP 4270 

integrator. 

The corrosion measurements were performed in the dark and under 

illumination using the same experimental arrangement as depicted in 

Figure 3.2. An M 4100 potentiodyne analyzer was used in the poten- 

tiodynamic mode where the applied potential was continuously changing 

at 10 mV/second from positive potential to negative potential. The 

current versus voltage was continuously monitored on an M 4100 

Petrolyte Instruments X-Y recorder. 

The capacitance was measured in the potentiostatic mode at each 

applied potential with a Boonton 72BD digital capacitance meter at lkHz 

frequency. A low pass filters were used to filter out an ac component 

in the circuit between the electrodes and the potentiostat. 

3.6 Cyclic Voltammetry Measurements 

Cyclic voltammetry studies, as discussed in Section 2.8.2, were 

planned as a means of determining the nature of reactions occurring on 

the photoelectrodes during photoelectrolysis of water. These cyclic 

voltammetry curves can be also used to determine kinetic information 

about a given electrochemical system. 

Sample preparation and mounting procedures were the same as those 

described in Section 3.5. Figure 3.3 depicts the experimental arrange- 

ment involved in cyclic voltammetry studies. 
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Figure 3.3. Experimental arrangement for cyclic voltammetry 
experiments. 
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A triangular voltage wave was generated in Bioanalytical Systems CV- 1B 

cyclic voltammeter which was connected to the three electrode reaction 

cell. The potential was continuously scanned and cycled between +1.5 

and -1.5 V vs. SCE at 10 mvlsecond. Slow scanning speed was chosen to 

minimize charging current and approach a steady-state current condi- 

tions. The potential versus current was being continuously recorded on 

a Linseis LY 18100 X-Y recorder. Voltage was also monitored with a 

Keithley 175 autoranging multimeter during scanning cycle. These 

experiments were performed in the dark and under illumination. 

Illumination was provided with an Oriel 150 W compact xenon illuminator 

with light filtered through a 420 nm cut off and an infrared filter. 

The gaseous products of the electrochemical reactions were analyzed by 

an Aerograph A 90-P3 gas chromatograph equipped with a glass column 

packed with a molecular sieve 5A and an argon carrier gas. Qualitative 

and quantitative analysis of the peaks was performed on a Spectra 

Physics SP 4270 integrator. 

3.7 Photoconductivity Measurements 

Sample preparation and mounting procedures were identical to those 

described in Section 3.5. Figure 3.4 shows the experimental arrange- 

ment. An Oriel 150 W compact xenon illuminator with 420 nm and 

infrared filter was used for illumination. The light was chopped with 

a 270 Hz Rofin chopper wheel, whose frequency was fed into a reference 

input of a Princenton Applied Research (PAR) 5101 Lock-In amplifier. 

The chopped light was focused onto the entry slit of a Jarrell-Ash Mark 

X variable slit monochromator, equipped with a direct drive motor with 
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Figure 3.4. Experimental arrangement for the quantum efficiency 
measurements. 



spectral speed control. The output of the monochromator was directed 

on the working electrode tested. Sometimes, the sample voltage was 

amplified in a PAR 113 pre-amplifier before being sent into the Lock-In 

amplifier, and the phase relationship between the reference and signal 

inputs was adjusted to maximize the signal. The output of the Lock-In 

was then plotted on the y-axis of a Hewlett-Packard 7045B X-Y recorder, 

and signal from the monochromator spectral drive was plotted on the x- 

axis of HP 7045B X-Y recorder. The spectral curves were obtained under 

no applied bias conditions. The spectral scanning speed was 50 

3.8 Photocatalytic Measurements 

A gas tight reaction cell was constructed from pyrex glass with one 

optically flat window mounted on the side for horizontal irradiation, 

and one optical window on the bottom for vertical irradiation. A 

reaction mixture was deaerated with argon before each experiment. The 

powdered suspensions or colloidal samples were irradiated with an Oriel 

150 W compact xenon illuminator filtered through a 420 nm and an 

infrared filter. The reaction cell was also cooled by blowing air on 

it during irradiation to maintain a constant temperature of 30°C. The 

gaseous products of the photocatalytic reactions were analyzed by an 

Aerograph A 90-P3 gas chromatograph equipped with a glass column packed 

with a molecular sieve 5A and an argon carrier gas. Qualitative and 

quantitative analysis of the peaks was performed on a Spectra Physics 

SP 4270 integrator. Following the experiment, the reaction mixture was 

analyzed for ~ e ~ +  ions present in the mixture using a Perkin-Elmer 
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Lambda-9 spectrophotometer as previously described in Section 3.1.1. 



CHAPTER FOUR 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Structural and microscopic characterization of Fez03 

There is not much evidence in the literature on the comparisons of 

different preparation techniques of Fe2O3 and resulting photoactivities 

of these oxides. In fact, many investigators just use commercially 

available iron oxide and usually do not report its characteristics as 

to what the crystallinity is, if they are using Fe2O3, Fe203.Fe0, Fe3O4 

or any of several FeOOH oxy-hydroxides, or even the mixture of several 

or all of these oxides. As will be apparent from the results presented , 

in this investigation, the presence of different iron oxides is very 

much dependent on starting materials, experimental procedures used and 

on subsequent treatments of the products. Thus, a large portion of 

this investigation was concerned with preparation and characterization 

of Fe2O3 by several experimental techniques and then comparing their 

differences in photoelectrochemical and photocatalytic cells for 

production of fuel gasses. Several experimental techniques were used 

in this investigation to prepare doped and platinized Fe2O3 samples. 

The first technique involved solid state reaction of respective dopant 

oxides with commercial Fe2O3. The powders prepared by this technique 

are inhomogeneous, particle size and shape is non-uniform, impurity 

levels are high since the powder goes through several processing steps 



where contamination is possible, and powder structure and composition 

is not easily reproducible. Other powder synthesis methods which have 

been used in preparation of Fez03 are coprecipitation of iron oxide or 

iron oxy-hydroxide from iron chloride or iron nitrate solutions, and a 

freeze-drying process. The coprecipitation offers some advantages over 

the solid state mixing method. The process is more controllable and 

reproducible with improvement in purity and homogeneity. There are 

also some disadvantages to this method. It involves the use of 

precipitating agents which may remain in small quantities in the 

powder. Additionally, coprecipitation may not be uniform or complete 

and material may be lost in the washing process. The freeze-drying 

process was previously used with other semiconductor systems, where 

coprecipitation and phase transformation or changes in stoichiometry 

were a problem, but no detailed studies were ever performed on Fez03 

using this technique. Freeze-drying is an ideal preparation technique 

for the doped Fe2O3 where homogeneous mixing of the dopants is of 

crucial importance. A major advantage of the freeze-drying process is 

the lack of need for organic impurities (like ethylene glycol or 

citrates in a widely used liquid mix technique) to effect homogeneous 

dispersion and diffusion into the structure. Homogeneous mixing is 

assured in the freeze-drying process by spraying the atomized solution 

(sol) into liquid nitrogen in which the solution is almost instan- 

taneously frozen. This effectively achieves mixing on nearly a 

molecular scale that is unique to this process. 

SEM and STEM analysis was undertaken on powdered samples as well as 

on sintered ceramic samples of solid state doped and freeze-dried 



Fe2O3. The typical morphology of the commercial Fe2O3 is observed in 

the SEM micrograph (1000X) in Figure 4.1. It shows large clusters of 

particles pahially fused together, probably due to high processing 

temperatures during manufacturing. The surface area of the commercial 

2 powder is 2.5 m /gram. Figure 4.2 shows the X-ray powder diffraction 

spectrum for the as received commercial Fe2O3. The major peaks 

characteristic of a-Fe203 are at 33.3' from (104) diffraction, 35.7" 

from (1 10) diffraction, and 54.2" from (1 16) diffraction. Figure 4.3 

shows the X-ray spectrum of the commercial sample heat treated at 1420" 

C in air for 24 hours. The spectrum shows the major a-Fe203 peaks as 

well as major peaks resulting from the presence of Fe3O4 in the sample 

as is expected from the phase diagrams and thermodynamic results 

discussed in detail in section 2.7. Figure 4.4 shows a typical Fourier 

Transform infrared spectra (FT-IR) of the commercial Fe2O3 with two 

sharp and well resolved peaks at 560 and 475 cm' characteristic of a- 

Fe2O3. 

The freeze-drying method produced very different Fez03 material as 

can be seen for example in Figure 4.5 which shows a SEM micrograph 

(2000X) of an unheated flake-like Fez03 prepared from the Fe2O3 sol 

(from hydrolyzed FeC13, pH = 3.7). The flakes are several microns to 

several tens of microns long and few nanometers thick. The final 

morphology of a freeze-dried Fe2O3 was found to be very dependent on a 

starting iron salt used in preparing the Fe2O3 sol as well as on the pH 

of the sol before freeze-drying 1123-1251. This observation can be 

illustrated in Figure 4.6 which shows a SEM micrograph (1000X) of a 

freeze-dried Fez03 produced from Fe2O3 sol (pH of the sol was 5.5). 
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Figure 4.1. SEM micrograph of as received commercial Fe203 (Johnson
Matthey Inc.), (1000X).



FEZ03 99.95AE UNHEATED 

Figure 4.2. X-ray powder diffraction spectrum of as received 
commercial Fe2O3. 



Figure 4.3. X-ray powder diffraction spectrum of the commercial Fe2O3 
heated to 1420" C for 24 hours in air. 
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Figure 4.4. FT-IR spectra of the commercial Fe2O3. 



90

,,-
"ff!'

Figure 4.5. SEM micrograph of the freeze-dried Fe203 (2000X), pH of a
starting sol was 3.7.



Figure 4.6.
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SEM micrograph of the freeze-dried Fe203 (1000X), pH of a
starting sol was 5.5.



This sol produced almost spherical red particles of fairly uniform 

size. Size of the colloidal particles in the Fe2O3 sol was determined 

by TEM t d  be on the order of 150-300A. STEM analysis of the freeze- 

dried samples showed that the samples were very uniform in size with 

very poor crystallinity as determined by electron diffraction. In fact 

some samples were amorphous. These results were confirmed by x-ray and 

infrared spectroscopy. Figures 4.7-4.8 show FT-IR spectra of heat 

treated freeze-dried samples prepared from FeC13 based sol and Figures 

4.9-4.10 show FT-IR spectra of heat treated freeze-dried samples 

prepared from Fe(N03)3 based sol. The FT-IR spectra and x-ray powder 

diffraction results show an almost amorphous structure of the unheated 

FeC13 based Fe2O3 sample. Between 300 and 400" C the characteristic 

peaks of crystalline a-Fez03 are developed. In the case of the freeze- 

dried sample prepared from Fe(N03)3 based sol we can see in Figure 4.9 

that even the unheated sample shows the characteristic a-Fe2Og peaks. 

From the x-ray diffraction it was also determined that the peaks in 

this sample were sharper than the peaks in the previous sample. With 

increasing heating temperature, the x-ray diffraction results of the 

undoped freeze-dried samples showed only a-Fe203 peaks. Heating the 

samples at 1385" C produced a small amount of oxygen deficient Fe3O4 

phase (about 5% by x-ray). The addition of dopants effected the 

resulting structures of the doped samples. With the addition of Si and 

Mg up to 0.5 atomic % x-ray showed only a-Fe203 peaks. The energy 

dispersive x-ray spectroscopy (EDXS) performed onTEM and SEM samples 

proved the fact that the freeze-drying technique can produce very 

homogeneously mixed oxide samples. The Si, Mg, and Pt dopants were 
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Figure 4.7. FT-IR spectra of the freeze-dried Fe2O3 (prepared from 
FeC13 based sol). 



Fa3 freeze dried# spray dried 
fra fcCl3 hydrolyzed 

FcZW frctze dried44 spray dried i . a : !  
fror Fdl3 hvbolyzd 

n1M.H 1 
i 

537 " cn 
#I 3588 3888 2588 2889 1588 1W Cn-I See 

Figure 4.8. FT-IR spectra of the freeze-dried Fez03 (prepared from 
FeC13 based sol). 



. . 
FcZ03 frecze dried15 spray dr ied ,472 
f ro1 Fe( NO3 )3 hydro1 yztd '. ! 

566 '" 

. 

Tt\ 
L'E ' 

/---a*'---wF 

\ I" 
isn I : . . ,  ----- 

- 780C-24hrs-a i r 
b 

9i 6437 
Ft203 f r t t z r  dried15 spray b i t d  . , 
frob ft(H03)3 hydro ln td  541 - 175 

' 
I " . .  * L C .  I " . .  l ip. .  1.11. I LL .  4 4*# nu 8 r * -  
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Fe(N03)3 based sol). 
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Figure 4.10. FT-IR spectra of the freeze-dried Fe2O3 (prepared from 
Fe(N03)3 based sol). 



very uniformly distributed throughout the freeze-dried samples. The 

solid state mixed samples (powders and sintered pellets) did not show 

nearly as good homogeneity as the freeze-dried samples as determined by 

EDXS on SEM. 

Phase transformation studies of Fe2O3 samples prepared by freeze- 

drying and by coprecipitation show that the a-FeOOH and J3-FeOOH phases 

present in some freeze-dried samples transform into a-Fe203 at lower 

temperatures than the same phases present in the coprecipitated 

samples. This behavior is expected from very reactive powders, such as 

the freeze-dried samples, and is due to a very high surface energy as- 

sociated with a very high surface area of these powders. The surface 

area versus heating temperature relationship is shown in ~ i g u r e  4.11 

where it is apparent that these powders have a typical surface area of 

200 m2 per gram of powder. Figure 4.12 shows a SEM micrograph of the 

freeze-dried powder heated to 1300" C. It may be apparent that the 

surface area of this sample is still rather large compared to the 

commercial Fe2O3, in fact the surface area of the freeze-dried sample 

a~ this temperature (5.5 m2/g) is 50% higher than the commercial Fe2O3. 

The platinized freeze-dried samples were also analyzed in TEM and 

SEM. The particle size of the colloidal platinum was determined in TEM 

to be about 200A, very similar in size to the Fe2O3 particles. The 

homogeneity of dispersion of Pt in the freeze-dried samples was also 

found to be very uniform. The color of the resulting freeze-dried 

powder was progressively more gray with increasing Pt content in the 

samples. Figure 4.13 shows FT-IR spectra of unheated platinized 

freeze-dried samples prepared from FeC13 based sol. From the results 



FREEZE-DRIED SAMPLE 

Figure 4.1 1 .  Surface area versus heating temperature for freeze-dried 
Fe203 



99

Figure 4.12. SEM micrograph of a freeze-dried powdered sample heated to
13000 C for 24 hours in air (IOOOX).

-------
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Figure 4.13. FT-IR spectra of platinized freeze-dried Fe2O3 (prepared 
from FeC13 based sol). 



we can see that crystallinity of the platinized Fe2O3 samples increases 

with increasing platinum content. These spectra can be compared with 

the results presented in Figure 4.7 which show amorphous structure for 

the same sample without the platinum. The platinum particles may act 

as nucleation sites for crystallization in Fe2O3. 

A typical SEM micrograph (1000X) of sintered commercial undoped 

Fez03 pellet is shown in Figure 4.14. The sample was sintered in air 

at 1385" C for 48 hours. The grain size of the pure sample ranges from 

40-80 microns. The grain size and morphology of a pure freeze-dried 

sample is very similar to the commercial sample. The silicon and 

platinum doped solid state mixed samples (up to 0.5 atomic % Si or Pt) 

exhibited similar sintering behavior as pure samples with smooth grain 

structure. The grain size decreased with increased doping level. The 

relationship between the grain size and doping level of pure and 

platinized solid state mixed and freeze-dried samples is demonstrated 

in Figures 4.15-4.16. Higher doping levels of platinum (>1 atomic % 

Pt) in the solid state mixed samples also produced clean homogeneous 

grains as seen in Figure 4.17 of 1 at.% Pt doped Fe2O3 (1000X). The 

particle size of the platinum powder used in the solid state mixing 

technique was smaller than the particle size of the commercial Fe2O3, 

thus yielding more homogeneously doped samples. On the other hand, 

when we compare the grain structure of the Si doped (>0.5 at. % Si) 

solid state mixed sample in Figure 4.18 (1 at. % Si doped Fe2O3 at 

1000X), we can see the differences in the homogeneity of the dopants. 

The Si doped samples show some second phase segregation along the grain 

boundaries as seen in Figure 4.18. This observation was also confirmed 



Figure 4.14. SEM micrograph of a pure commercial pellet sintered in air
at 1385° C for 48 hours (lOOOX).
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Figure 4.15. Average grain size versus platinum doping level of pure 
and 0.1 at. % Si doped freeze-dried.(FD) and solid state 
mixed (AE) Fe2O3 samples. 



Figure 4.16. Average grain size versus platinum doping level of 1 and 
5 at. % Si doped freeze-dried (FD) and solid state mixed 
(AE) Fe2O3 samples (heated to 1385" C for 48 hours). 



Figure 4.17. SEM micrograph of the solid state 1 at. % Pt doped Fe203
heated to 13850 C for 48 hours (lOOOX).

-----------
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Figure 4.18. SEM micrograph of the solid state 1 at. % Si doped Fe203
heated to 1385° C for 48 hours (1000X).
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by EDXS on SEM and by x-ray diffraction. The EDXS analysis revealed

some Si rich regions mostly between the grains (dark regions on the SEM

micrograph). This result was also expected because it is well known

that the solid solubility of a divalent metals in the a:-Fe203 is rather

small (usually about 0.5%) [171-175]. Freeze-dried doped (>0.5 at. %

Pt or Si) samples showed very homogeneous clean grains with uniform

composition throughout the sample as determined by EDXS on SEM. The

size of the colloidal platinum and silicon particles in the sols used

for doping in the freeze-drying technique is very similar to the size

of the colloidal Fe203 particles, hence the homogeneous doping and

phase purity is possible. There was some phase nonuniformity observed

in the 5 at. % Pt solid state doped samples.

The Mg doped Fe203 samples exhibited different behavior from the Si

doped samples. Figures 4.19 and 4.20 show SEM micrographs (JOOOX)of 1

at. % Mg doped freeze-dried and solid state doped Fe203, respectively.

The freeze-dried sample shows again uniform grain size and homogeneous

dopant distribution. In the solid state doped sample we can see some

phase inhomogeneity and segregation along the grain boundaries. This

observation was also observed by x-ray diffraction which identified

small amount of a spinel MgFe204 phase. At higher Mg doping levels (>1

at. % Mg) the spinel phase was pronounced in samples prepared by

freeze-drying as well as solid state mixing method. Clear sign of a

second phase is observed for example in the SEM picture of 5 at. % Mg

freeze-dried doped Fe203 sample in Figure 4.21 (JOOOX). The relation-

ship between the average grain size versus platinum content for I and 5

at. % Mg doped samples is presented in Figure 4.22.
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Figure 4.19. SEM micrograph of freeze-dried 1 at. % Mg doped Fe203
heated to 13850 C for 48 hrs (lOOOX).



109

f
.-J

Figure 4.20. SEM micrograph of solid state 1 at. % Mg doped Fe203
heated to 138Y C for 48 hrs (1000X).
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Figure 4.21. SEM micrograph of freeze-dried 5 at. % Mg doped Fe203
heated to 13850 C for 48 hrs (IOOOX).

~



50 
C Fd- 1 XMg 

FD-5%Mg 

0 I I 

0.0 0.1 1 .O 6.0 
PLATINUM CONTENT (atomic % I  

Figure 4.22. Average grain size versus platinum doping level of 1 at. % 
and 5 at. % Mg doped freeze-dried (m) and solid state 
mixed (AE) Fe2O3 samples (heated to 1385" C for 48 hours). 



4.2 Electrical conductivity and dielectric constant of doped Fez03 

Stoichiometric a-Fe203 is an intrinsic n-type semiconductor with a 

band gap of 2.2 eV. The resistivity of a pure stoichiometric sample at 

room temperature is estimated at 1014 n-cm. The resistivity of the 

pure freeze-dried and commercial Fe2O3 sample was measured by a four 

probe Van der Pauw technique and with an ac impedance conductivity 

bridge. The measured resistivity was about 1011 n-cm. The resistivity 

versus platinum doping for a freeze-dried sample is presented in Figure 

4.23. This resistivity is unacceptably high for use in the photo- 

electrochemical solar cells. It is possible to produce a less resis- 

tive Fez03 by reducing some of the Fe3+ to Fe2+ state by heating the 

sample in air at 1385" C or higher depending on the desired degree of 

reduction. This process introduces oxygen vacancies into the Fe2O3 and 

conduction may occur by the processes outlined in Equations 4.1-4.2. . 

This can be also achieved by adding a dopant (M) such as Si or Pt in 

this investigation. The mechanism for conduction in this case may 

occur by the process outlined in Equation 4.3 where M ~ +  ion introduces 

electron into the conduction band (eqcb). 



Figure 4.23. Log resistivity versus platinum doping for a pure freeze- 
dried Fe2O3 sample (sintered in air at 1385" C for 48 
hours). 
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The Fez03 is then a mixed valence compound with enhanced conductivity 

a t  room temperature which is due to a hopping mechanism for electrons 

between ~ e ~ +  and ~ e ~ +  ions [184]. The resistivity versus platinum 

doping for the freeze-dried and solid state mixed Si doped samples are 

presented in Figures 4.24-4.25. The resistivity decreased with 

increasing Si or Pt doping level for all samples. The resistivities 

were, however, always lower for the freeze-dried samples which again 

demonstrates the superior dopant distribution and would support the 

outlined conduction mechanism. 

The magnesium doped samples are p-type semiconductors since intro- 

ducing M ~ ~ +  into the a-Fe203 lattice to substitute for ~ e ~ *  ions 

increases the concentration of electron vacancies. The conduction may 

occur by the process outlined in Equation 4.4. 

Figures 4.26 and 4.27 show the resistivity versus platinum content for 

Mg doped freeze-dried and solid state doped samples (heated in air to 

1385" C for 48 hours), respectively. The results indicate that the 

resistivities of the solid state doped samples are significantly higher 

than the freeze-dried samples. The resistivities are also less 

dependent on the platinum content in the Mg doped samples. In the case 

of a Si doped sample, the platinum may contribute electrons into the 

conduction band of the semiconductor enhancing the effect of Si dopant 

as can be seen clearly from Figures 4.24 and 4.25 if the above proposed 

mechanism is correct. For the Mg doped samples, where Mg acts as an 



Figure 4.24. Log resistivity versus platinum doping for Si doped 
freeze-dried Fe2O3 sample (sintered in air at 1385" C for 
48 hours). 
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Figure 4.25. Log resistivity versus platinum doping for Si doped 
solid state mixed Fez03 sample (sintered in air at 1385" C 
for 48 hours). 
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Figure 4.26. Log resistivity versus platinum doping for Mg doped 
freeze-dried Fe2O3 sample (sintered in air at 1385" C for 
48 hours). 
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Figure 4.27. Log resistivity versus platinum doping for Mg doped 
solid state mixed Fe2O3 sample (sintered in air at 1385" C 
for 48 hours). 



acceptor, the addition of platinum which would act as a donor might 

compensate the effect of Mg thus increasing the resistivity of the 

Fe2O3.   hat is what is observed in Figures 4.26-4.27. The bulk 

conductivity increases with increasing MgO content. A. H. Tinnemans et 

al. [316] studied the grain boundary conductivity in Mg doped Fe2O3. 

From the analysis of the small signal ac response of the symmetrical, 

and photoelectrochemical cells, they found that the grain boundary 

resistance was much larger than the bulk resistance. So the grain 

boundary resistance is increasing with increasing MgO content since the 

grain size is decreasing thus increasing number of grains. This effect 

is also present in our samples. The conductivity activation enthalpy 

is 0.52 and 0.76 eV for the 0.1 and 1 at.% Mg, respectively. From the 

conductivity activation enthalpy for a-Fe203 Goodenough 1181 has 

calculated the energy required to transfer an electron from a lattice 

~ e ~ +  to an adjacent ~ e ~ +  to amount to about 2.0 eV. This is close to 

the optical bandgap of a-Fe203. 

The dielectric constant of the Fez03 samples was measured using a 

parallel plate capacitance method [179]. The capacitances obtained 

from a pure and doped samples ranged from 70-150. These results agree 

well with the literature [181]. 

4.3 Pbotoactivity of pure and platinized Si doped Fez03 

The initial experiments with solid state doped Fe2O3 samples used in 

the photoelectrochemical cell (PEC) produced very inconsistent and 

disappointing results. The samples were sintered at 1370' C and then 

slowly cooled to room temperature. The samples exhibited very poor 



photoactivities with very high dark currents and rather small photocur- 

rent usually only several percent higher than the dark currents. This 

behavior w& due to the low conductivity of the early samples. Similar 

effects were observed by other investigators and Goodenough et al. [18] 

determined that the low conductivity of these samples was caused by 

oxygen absorption along the grain boundaries of the samples during a 

cooling process after sintering. Ideally, the Fe2O3 should contain 

oxygen vacancies and some spinel phase (Fe3Oq) homogeneously dis- 

tributed throughout the sample to increase the conductivity as dis- 

cussed in the previous section. If, however, the Fe3O4 is present 

mostly in the surface of the Fe2O3, it will help to recombine the 

photogenerated minority carriers with majority carriers present in the 

sample. The Fe304 acts as a semi-metal where it is impossible to 

separate the charges. The conductivity of the samples was determined 

at the surface and in the bulk after polishing off the top surface 

layer of the samples. The conductivity in the bulk was about three to 

four orders of magnitude smaller than the conductivity in the surface 

layer of the samples. This suggested that the Fe304 was present in the 

surface in the form of surface states where it acted, possibly, as 

recombination or trapping centers for the carriers. The observed 

photoresponses of the samples certainly supported this explanation. 

The photoactivities of the solid state mixed samples were improved by 

heating the samples at 1385" C and then quenching the samples to room 

temperature thus preserving a homogeneous distribution of Fe3O4 

throughout the sample. The conductivity of the sample prepared by this 

process was nearly homogeneous throughout the sample. 



The photocurrent density versus applied potential results for the 

solid state mixed Si doped photoelectrodes are shown in Figure 4.28. 

The samples were tested in 1M NaOH and 0.01M KNO3 electrolyte (pH=13.5) 

with a platinum mesh counterelectrode and a standard calomel reference 

electrode. Figures 4.29-4.32 show the photocurrent density versus 

applied potential results for platinized and Si doped/platinized solid 

state mixed samples. Photovoltage of the photoelectrode was determined 

by connecting the working photoanode to the standard calomel reference 

electrode. It was generaIly observed that the equilibrium time to 

obtain stable voltage or photovoltage reading was much higher for the 

solid state doped electrodes than for the freeze-dried electrodes. 

This result was consistent with lower conductivity in the solid state 

samples suggesting slower charge transfer kinetics. This result will 

be also addressed later in the discussion. The photoactivities of the 

pure and Si doped samples showed very consistent results with the 

results reported in a literature. The photocurrent onset for a pure 

sample was about -0.1 V vs SCE with the photocurrent onset shifting in 

more cathodic direction with increasing Si doping up to about 1 at.% 

Si. The photocurrent was at a maximum for the 1 at.% Si doping level. 

The photocurrent onset for the 5 at.% Si doping level was similar to 

the onset for undoped sample with overall photoactivity being slightly 

higher than the undoped sample. This result is consistent with the 

effect of doping density on the width of the depletion layer in the 

semiconductor. As the doping density increases,' the depletion layer 

width decreases which has a serious consequences for semiconductors 

with a very small absorption coefficient and small diffusion lengths of 
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Figure 4.28. Photocurrent density versus applied potential for solid 
state Si doped Fez03 electrodes (1M NaOH + 0.01M KNO3, 
pH113.5). 
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Figure 4.29. Photocurrent density versus applied potential for solid 
state Pt doped Fez03 electrodes (1M NaOH + 0.01M KNO3, 
pH=13.5). 
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Figure 4.30. Photocurrent density versus applied potential for platini- 
zed 0.1 at.% Si solid state doped Fe2O3 electrodes (1M 
NaOH + 0.01M KNO3, pH=13.5). 



-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1 .O 

APPLIED VOLTAGE ( V vs. SCE 1 

Figure 4.31. Photocurrent density versus applied potential for platini 
zed 1 at.% Si solid state doped Fe2O3 electrodes (1M NaOH 
+ 0.01M KNO3, pH=13.5). 
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Figure 4.32. Photocurrent density versus applied potential for platini 
zed 5 at.% Si solid state doped Fe2O3 electrodes (1M 
NaOH + 0.01M KNO3, pH=13.5). 



photogenerated carriers such as in a-Fe203. When the Fe203-electrolyte 

junction is illuminated with visible light, photons having energies 

greater than the band gap (2.2 eV) are absorbed and create electron- 

hole pairs in the semiconductor. Photons absorbed in the depletion 

layer produce electron-hole pairs that separate under the influence of 

the electric field present in the space charge region. Since the 

absorption coefficient for Fe2O3 is very small, most of the photons are 

absorbed beyond the depletion layer in the bulk of the Fe2O3. The 

photons in the bulk also generate electron-hole pairs but since there 

is no electric field present in the bulk and the diffusion lengths of 

carriers are small, the electrons recombine with the holes before they 

can diffuse into the depletion layer. Improved conductivity in the 

Fe2O3 samples can be achieved by increased doping which on the other 

hand decreases the depletion layer width and decreases overall photoac- 

tivity. This analysis explains the observed experimental results. 

The anodic dark currents are not shown in the figures but they were 

generally higher for the solid state doped samples than for the freeze- 

dried samples, where in some cases the dark current was almost negli- 

gible. Dark currents for the solid state doped samples ranged from a 

few tens of C t ~ / c r n ~  to as high as hundreds of p ~ / c r n *  at higher applied 

voltages. Generally, n-type semiconductors exhibit little or no anodic 

current flow unless the minority carriers, holes, are photogenerated, 

but since there are a large number of electrons available dark cathodic 

currents might be observed. There are several possible explanation as 

to the origins of the anodic dark currents. Due to the disordered 

nature of these oxides, charge transfer at grain boundaries and 



dislocations is possible. The magnitude of the dark currents should 

then be dependent on the amount of defects or inhomogeneity along the 

grain boundaries. This effect is in fact observed for the solid state 

mixed samples. The observed dark current is higher, which agrees well 

with the observed inhomogeneities in the structural and microscopic 

examinations. The dark currents for the freeze-dried samples are 

significantly lower which would be expected from the above assumptions. 

An increase in the dark current at an potential anodic of +0.7 V vs SCE 

can be explained due to direct electron tunneling across the space 

charge layer into the conduction band. Oxygen evolution was observed 

on the Fe2O3 electrode when the applied bias was sufficiently anodic (> 

+0.4 V vs SCE). 

Results for the platinized samples in Figure 4.29 show a very 

similar trend compared to the Si doped samples. The maximum photo- 

current obtained for the platinized samples was about 20-3096 lower than 

for the Si doped samples at the same applied voltages. The incor- 

porated platinum appears to act as a donor, although less effective 

than the Si species as discussed in section 4.2. 

The platinized Si doped samples (Figures 4.30-4.32) showed increased 

photocurrent with increased platinum doping. The 1 at.% Si with 5 at.% 

Pt Fe2O3 sample showed the highest photocurrent of all (J = 1.1 mA/cm2 

at +0.8 V vs SCE). It should be noted that the dark currents in the 

platinized samples were slightly lower than in the unplatinized 

samples. The platinum role may be explained by enhancement of probabi- 

lities of electron exchange between the electrode and electrolyte 

species. 



The exchange current densities at zero applied bias of the solid 

state doped samples were determined from the linear region of the Tafel 

plots. The- exchange current densities versus platinum content for the 

solid state Si doped samples are presented in Figure 4.33. The charge 

transfer resistance (calculated from the exchange current density and 

from data taken from I-V curves) versus platinum content is presented 

in Figure 4.34. 

The photocurrent density versus applied potential for the freeze- 

dried samples are presented in Figures 4.35-4.39. These results show 

the distinct advantage of the freeze-drying process for producing 

homogeneously doped semiconducting samples. The photocurrent densities 

for the freeze-dried samples are significantly higher (lox) than for 

the solid state doped samples. The dark currents are very small in 

comparison to the photocurrents or to the dark currents in the solid 

state mixed samples. Generally, the results follow the same pattern as 

in the solid state doped samples. The maximum photocurrents, however, 

are obtained with lower doping levels of Si or Pt than in the solid 

state doped samples. This observation strongly suggests better 

homogeneity of the dopants in the samples. The maximum photocurrent 

density of 10 r n ~ / c m ~  at +0.8 V vs SCE is obtained in the 0.1 at.% Si + 

5 at.% Pt sample. The oxygen evolution was also observed at more 

negative potentials than in the solid state doped samples. The 

kinetics of charge transfer were also significantly faster as was 

determined from the equilibration time for obtaining a stable photovol- 

tage. The time to obtain a stable photovoltage was several orders of 

magnitude shorter for the freeze-dried sample than for the solid state 



Figure 4.33. Exchange current density at 0.0 V vs SCE versus platinum 
content in solid state Si doped Fe2O3 (1M NaOH + 0.01M 
KNO3, pH=13.5). 



Figure 4.34. Charge transfer resistance versus platinum content in 
solid state Si doped Fe2O3 (at 0.0 V vs SCE). 
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Figure 4.35. Photocurrent density versus applied potential for freeze- 
dried Si doped Fe2O3 electrodes (1M' NaOH + 0.01M KNO3, 
pH= 13.5). 
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Figure 4.36. Photocurrent density versus applied potential for freeze- 
dried Pt doped ~ e i 0 ~  electrodes ( 1 ~  NaOH + 0.01M KNO3, 
pH-13.5). 
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Figure 4.37. Photocurrent density versus applied potential for platini 
zed freeze-dried 0.1 at.% Si doped Fe2O3 electrodes (1M 
NaOH + 0.01M KNO3, pH=13.5). 
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Figure 4.38. Photocurrent density versus applied potential for platini 
zed freeze-dried 1 at.% Si doped Fe2O3 electrodes (1M 
NaOH + 0.01M KNO3, pH=13.5). 



Figure 4.39. Photocurrent density versus applied potential for platini 
zed freeze-dried 5 at.% Si doped Fe2O3 electrodes (1M 
NaOH + 0.01M KNO3, pH=13.5). 



sample. Photoactivities of the 1 at.% Pt and 1 at.% Si + 5 at.% Pt 

doped samples prepared by freeze-drying and by solid state doping 

techniques ire  compared in Figures 4.40 and 4.41, respectively. In 

each case it is shown that the freeze-dried sample produced 10 times 

higher photocurrent, and in turn 10 times more oxygen. Another factor 

in the freeze-dried samples contributes to the observed superior 

photocurrent. That factor is a surface area of the samples. As was 

discussed in section 4.1, the surface area of the sintered freeze-dried 

samples is two times higher than in the solid state doped samples. The 

current density results are corrected for geometrical area but that is 

different from microscopic surface area. According to this observa- 

tion, the higher current density observed in the freeze-dried samples 

is at least partially due to higher surface area of the electrode. 

This conclusion is confirmed by comparing the photoactivities of the 

pure samples in Figure 4.42. The current density of the pure freeze- 

dried sample is approximately two times higher than of the commercial 

Fe2O3 sample. The higher surface area increases the possibility for 

increased carrier exchange with the solution thus increasing reaction 

rates and hence higher photocurrent. 

Both freeze-dried as well as solid state Si doped samples exhibited 

very large transient currents that are typical of oxide semiconductors. 

The photocurrents were generally higher at cathodic potentials and 

decreased with increasing anodic potential. Figure 4.43 shows a 

typical relationship of the transient photocurrent versus applied 

potential for a pure freeze-dried sample. As can be seen the transient 

photocurrent is 3 orders of magnitude higher than the steady state 
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Figure 4.40. Current density versus applied voltage for 1 at.% Pt doped 
freeze-dried and solid state doped Fe2O3 (1M NaOH + 0.01M 
KNO3, pH=13.5). 
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Figure 4.41. Current density versus applied voltage for 1 at.% Si + 5 
at.% Pt doped freeze-dried and solid state doped Fez03 (1M 
NaOH + 0.01M KNO3, pH=13.5). 
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Figure 4.42. Current density versus applied voltage for pure freeze- 
dried and commercial Fe2O3 (1M NaOH + 0.01M KNO3, 
pHr13.5). 
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Figure 4.43. Transient photocurrent versus applied potential for 
freeze-dried Fe2O3 (1M NaOH + 0.01M KNO3, pHz13.5). 
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photocurrent obtained in a fraction of a second. The kinetics of the 

transient current to steady state current transition for the solid 

state doped-sample were much slower. A large anodic transient current 

is observed in the samples when the light is turned on and again when 

the light is turned off a cathodic transient current is observed. When 

a voltage step is applied to the interface it is expected that a tran- 

sient current will be observed through the external circuit due to the 

charge stored in the space charge region. On returning the voltage to 

the original value, an equal and opposite charge is expected [264]. In 

practice the transient observed when turning on the anodic voltage ex- 

ceeded that for when turned off. This result is considered in terms of 

field induced tunneling from surface levels as described previously. 

The falling transient can be explained in terms of surface recombina- 

tion or backreaction of the photogenerated species. Thus, the oxygen 

or hydroxyl radical which is produced by the photogenerated holes is 

thermodynamically reducible at potentials on the rising portion of the 

I-V curve. A backreaction between these and any electrons at the 

surface produces a backreaction (or a surface electron-hole recombina- 

tion) and a cathodic current component. Another explanation for these 

transient photocurrents is that the samples consist of a mixture of two 

oxides, Fe2O3 and Fe304. Fe304 is a p-type semiconductor and there- 

fore, p-n junctions between the two oxides may be present. Photo- 

produced electrons in the Fez03 that are transferred to a FegOq 

interface may cause an increase in the p-n potential barrier. Thus, 

the anodic transient currents observed may be sufficient to charge the 

p-n barrier before a significant photocurrent is obtained under steady 



illumination. Upon removal of illumination, the cathodic transients 

observed may be a result of discharging the potential barrier generated 

under illumination. It has been previously shown that the presence of 

electrocatalysts of the platinum group metals can significantly improve 

the PEC performance of 111-V photoelectrodes [297,309]. The platinum 

effect on the anodic transient current behavior of the Fe2O3 electrodes 

can be clearly seen in Figures 4.44-4.47. The anodic transient current 

in the Si doped freeze-dried sample (Figure 4.44) is an order of 

magnitude higher than the steady state photocurrent and at -0.2 V vs 

SCE the transient photocurrent is only slightly higher than the steady 

state photocurrent. In Figures 4.45-4.47 it is seen that the addition 

of even 0.1 at.% Pt into the Fez03 almost completely eliminates this 

anodic transient portion of the photocurrent and with increasing 

platinum content the transient current is absent. Figure 4.48 shows 

the shape of the I-V curve with and without the anodic transient 

current. The results of the exchange current density versus platinum 

content for the freeze-dried Si doped samples are shown in Figure 4.49. 

The charge transfer resistance versus platinum content results for the 

pure and Si doped freeze-dried samples are shown in Figure 4.50 and 

4.51, respectively. From Figures 4.33 and 4.49 the beneficial effect 

of platinum on photocurrent at no applied bias for freeze-dried as well 

as solid state doped Fez03 electrodes can be observed. The exchange 

current density increases with increasing platinum content, which is 

also apparent from Figures 4.34 and 4.50 where the resistance of charge 

carrier transfer between the electrode and electrolyte decreases with 

increasing amount of platinum in Fe2O3. 
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Figure 4.44. Transient photocurrent versus applied potential for 
freeze-dried 1 at% Si doped Fe2O3 (1M NaOH + 0.01M KNO3 
pH=13.5). 
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Figure 4.45. Transient photocurrent versus applied potential for 
freeze-dried 1 at% Si + 0.1 at.% Pt doped Fe2O3 (1M NaOH + 
0.01M KNO3, pH=13.5). 



Figure 4.46. Transient photocurrent versus applied potential for 
freeze-dried 1 at% Si + 1 at.% Pt doped Fe2O3 (1M NaOH + 
0.01M KNO3, pH=13.5). 



Figure 4.47. Transient photocurrent versus applied potential for 
freeze-dried 1 at% Si + 5 at.% Pt doped Fez03 (1M NaOH + 
O.OlM KNO3, pH=13.5). 
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Figure 4.48. Current-potential curve with and without the anodic 
transient photocurrent. 



Figure 4.49. Exchange current density (at 0.0 V vs SCE) versus platinum 
content in Si doped freeze-dried Fe2O3 (1M NaOH + 0.01M 
KNO3, pHr13.5). 



Figure 4.50. Charge transfer resistance versus platinum content in a 
pure freeze-dried Fe2O3. 



PLRT I NUM CONTENT ( a t o m  i c % 1 

Figure 4.51. Charge transfer resistance in Si doped freeze-dried Fe2O3. 



The platinized freeze-dried electrodes were very stable in maintaining 

the photocurrent in the PEC as demonstrated for example in Figure 4.52 

where photocurrent (at 0.0 V vs SCE) versus time for 1 at.% Si + 1 at.% 

Pt doped freeze-dried Fe2O3 is recorded. This stability makes it 

possible to use these electrodes in the photoelectrochemical solar 

cells for producing gaseous fuels from dissociating water with visible 

light as will be discussed in the next section. 

4.4 Photoactivity of pure and platinized Mg doped Fez03 

Magnesium doped Fe2O3 is a p- type semiconductor [3 10-3 161 which 

when used in the PEC cell will act as a cathode and a cathodic current 

may be expected. Figures 4.53-4.58 show the photovoltage versus 

applied potential for pure and platinized Mg doped Fez03 prepared by 

freeze-drying and solid state mixing technique. From these figures we 

can make several observations. The photocurrent density of the freeze- 

dried samples was again higher than for the solid state doped samples 

but not as large a difference as in the Si doped samples. The photo- 

currents for the 0.1 and 1 at.% Mg level were rather small, most likely 

due to a very large resistivity of these samples as discussed in 

section 4.2. The cathodic photocurrent onset occurs at about 0.0 V vs 

SCE for the lower Mg doping level and at +0.2 V vs SCE for the 5 at.% 

Mg doping. Photocurrent density increases with increasing Mg levels 

and also with increasing platinum doping levels. The cathodic current 

onset is also shifted in more positive direction with increasing 

platinum doping. The higher photocurrents observed with increasing 

negative applied potential are due to hydrogen evolution from the 



Figure 4.52. Photocurrent (at 0.0 V vs SCE) versus time for 1 at.% Si + 
1 at.% Pt doped freeze-dried Fe2O3 (1M NaOH + 0.01M KNO3). 
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Figure 4.53. Photocurrent versus applied potential of solid state Mg 
doped Fe2O3 (1M NaOH + 0.01M KNO3). 
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Figure 4.54. Photocurrent versus applied potential of a platinized 1 
at.% Mg solid state doped Fe2O3 (1M NaOH + 0.01M KNO3). 
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Figure 4.55. Photocurrent versus applied potential of a platinized 5 
at.% Mg solid state doped Fez03 (1M NaOH + 0.01M KNO3). 



Figure 4.56. Photocurrent versus applied potential of a freeze-dried 
Mg doped Fe2O3 (1M NaOH + 0.01M KNO3). 
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Figure 4.57. Photocurrent versus applied potential of a freeze-dried 
platinized 1 at.% Mg doped Fe2O3 (1M NaOH + 0.01M KNO3). 



Figure 4.58. Photocurrent versus applied potential of a freeze-dried 
platinized 5 at.% Mg doped Fez03 (1M NaOH + 0.01M KNO3). 



Fez03 as determined by visual observation as well as with a gas 

chromatograph. 

The ease of evolution of 0 2  from the Fe2O3 electrode under bias when 

short-circuiting to platinum and the lack of evolution of gas from the 

oxide at open circuit suggest that the difficulty at open circuit is in 

the relative rate of H2 evolution. The irradiation should raise the 

Fermi level in the semiconductor above the H ~ / H +  couple to allow the 

reduction of H20. But there may be only slow reduction of H20  at the 

Fez03 at the potential achievable with irradiation. This slow rate of 

reduction may be the result of the band bending barrier, since the 

electrons to reduce H20 would either have to go over the barrier or 

tunnel through it. There is also a substantial overvoltage for H2 

evolution from the Fe2O3. Both of these problems should be solved by 

platinizing the Fe2O3, since H2 evolution from Pt occurs with only ,a 

small overvoltage and the Pt presence in the sample is almost like 

having the Fe2O3 connected to a Pt counterelectrode. Thus the platinum 

might play a different role in the Mg doped samples. The photocurrent 

increases in the cathodic direction with increasing platinum loading 

for all samples. The platinum is lowering the overpotential needed to 

reduce hydrogen on the Fez03 electrode by helping electron charge 

transfer across the semiconductor-electrolyte interface. This can also 

be seen from Figure 4.59 and 4.60. The charge transfer resistance at 

-0.4 V vs SCE dramatically decreases with increasing Pt content. If 

the platinum would be acting as a donor in these samples, the addition 

of platinum would actually decrease the observed cathodic photocurrent 

and would produce an anodic photocurrent. Due to an absence of anodic 
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Figure 4.59. Charge transfer resistance versus platinum content for Mg 
doped freeze-dried Fez03 (1M NaOH + 0.01M KNO3). 
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Figure 4.60. Charge transfer resistance versus platinum content for Mg 
doped freeze-dried Fe2O3 (1M NaOH. + 0.01M KNO3). 



photocurrent we can assume that the platinum acts mostly as an electro- 

catalyst helping in the hydrogen evolution. The exchange current 

densities for Mg doped Fez03 versus platinum content are presented in 

Figures 4.61-4.62. The enhanced exchange current densities are 

expected for the platinized Fe2O3 in light of the above analysis. 

The Mg-doped Fe2O3 photocathode was used in conjunction with the Si 

doped photoanode in a photoelectrochemical cell illuminated only with 

visible light (>420 nm) without any external bias. This p/n assembly 

was previously used by Somorjai et al. to dissociate water into 

hydrogen and oxygen without any applied voltage [273,321]. 

This important result was confirmed in our investigation. It was 

determined that the p/n assembly was capable of producing hydrogen and 

oxygen by illuminating only with visible light. The hydrogen was 

detected in small amounts in the PEC by analyzing gaseous samples from 

the cell by gas chromatography. The Mg-doped Fe2O3 sample was then 

substituted with the platinized Mg-doped sample in the PEC and was 

again irradiated with only a visible light. It was observed that the 

hydrogen production increased with increasing platinum doping in the 

Mg-doped Fe2O3 as was expected from the results presented in this 

investigation. Since our photoelectrochemical cell was not designed to 

be hydrogen tight these results are purely qualitative since it was 

difficult to determine quantitatively how much hydrogen was actually 

generated for each sample. This experiment was not the  main objective 

of this investigation but was conducted to confirm the results by 

Somorjai et al. [273,321] and also to confirm our understanding of the 

role of platinum in doped Fe2O3 electrodes. 



Figure 4.61. Exchange current density of Mg doped freeze-dried Fe2O3 
(at -0.4 V vs SCE, 1M NaOH + 0.01M KNO3, pH-13.5). 
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Figure 4.62. Exchange current density of solid state Mg doped Fe203 
(at -0.4 V vs SCE, 1M NaOH + 0.01M KNO3, pHs13.5). 



4.5 Spectral response of doped and platinized Fe203 

Figure 4.63 shows a typical spectral response of a pure freeze-dried 

FeaOj. ~ h d  quantum efficiencies are shown only on a relative scale 

since the results were not corrected for instrumentation optical 

throughput. The figure shows a photocurrent onset occurring around 

575-600 nm. There is a shoulder in the photoresponse curve at 565 nm 

which corresponds to the band gap for the Fe2O3 of 2.2 eV. Overall, 

the curve doesn't show very much structure. For semiconductors the 

dependence of the absorption coefficient, a, on energy near the 

absorption edge usually follows the form: 

where A is a constant, and n depends on the nature of the optical 

transition, i.e. n = 1 for a direct transition, and n = 4 for an 

indirect transition, hvo corresponds to the bandgap. The photocurrent 

efficiency is proportional to the absorption coefficient. From the 

intercept of a plot of quantum response versus energy, as for example 

in Figure 4.64 for a pure freeze-dried sample, we can determine the 

energies of the direct or indirect transitions. The indirect transi- 

tion for the pure Fez03 occurs at 2.18 eV requiring phonon support with 

a direct transition occurring at 1.78 eV. Figures 4.65-4.68 show 

spectral response results for pure and platinized Si doped freeze-dried 

Fe2O3. The photocurrent results are generally consistent with the 

results obtained in the current-voltage studies discussed in previous 

sections. For the platinized samples, maximum photoresponse was 
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Figure 4.63. Spectral response (arbitrary units) versus wavelength of 
irradiated light for a pure freeze-dried Fez03 (1M NaOH + 
0.01M KNO3). 
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Figure 4.64. Bandgap determination from photocurrent efficiencies for a 
pure freeze-dried sample in 1M NaOH + 0.01M KNO3. 



Figure 4.65. Spectral response (arbitrary units) versus wavelength of 
irradiated light for pure and platinized freeze-dried Fe20g. 



Figure 4.66. Spectral response (arbitrary units) versus wavelength of 
irradiated light for pure and Si-doped freeze-dried Fe20g. 



Figure 4.67. Spectral response (arbitrary units) versus wavelength of 
irradiated light for platinized and Si-doped freeze-dried 
Fe2O3 



Figure 4.68. Spectral response (arbitrary units) versus wavelength of 
irradiated light for platinized and Si-doped freeze-dried 



observed at 0.1 at.% Pt, consistent with I-V results. With increasing 

Si or platinum doping level it was observed that the photoresponses 

were more complicated, revealing more structure. This effect is also 

expected due to the increased possibility of introducing deep and 

shallow donors into the electronic structure of these samples. This 

effect was seen more clearly on the photoresponse versus energy 

diagrams for bandgap determinations, where by plotting the response 

over the whole visible spectrum, different slopes were observed in 

samples with higher doping levels. These different slopes were at- 

tributed to different impurity levels within the bandgap of the Fe2O3. 

The same effect was also observed in capacitance studies described in 

the next section. The indirect and direct transitions determined from 

these measurements showed very little variation for the platinized and 

unplatinized samples. The effect of platinum on the photoactivity of 

the Fe2O3 samples was determined with the platinum deposited on the 

surface of the Fe2O3. An example of the photoresponse of 1 at.% Si 

doped Fez03 with about a 200A layer of platinum on the surface is seen 

in Figure 4.69. The results show that the platinum on the surface de- 

creases the spectral response of the Fe2O3 in visible light, thus de- 

creasing the possible photogeneration of carriers. Consequently, a 

decrease in the photocurrent is observed in the current-voltage experi- 

ments. This result was expected since a continuous layer of platinum 

on the surface might reflect some of the incident light, thus decreas- 

ing the amount of photons available for photogeneration of carriers. 

Figures 4.70-4.72 show spectral response results for the Mg-doped 

Fe2O3. Similar correlation with the photoelectrochemical experiments 
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Figure 4.69. Spectral response (arbitrary units) versus wavelength of 
irradiated light for 1 at.% Si doped freeze-dried Fez03 
with 200A Pt layer on the surface (1M NaOH + 0.01M KNO3). 



Figure 4.70. Spectral response (arbitrary units) versus wavelength of 
irradiated light for pure and Mg-doped freeze-dried Fe 0 
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can be made, in that the photoresponse increases with increasing 

magnesium content. A more structured photoresponse is also observed 

for higher doping densities. For Fe2O3 a semi-empirical energy level 

diagram has been proposed [315]. The corresponding band structure 

model is characterized by a filled 2p (oxygen) band, and an empty 4s 

(iron) band separated by an energy gap of 5 to 6 eV in which more or 

less localized 3d (iron) bands are present. The optical absorption 

spectrum of a-Fe2Og reveals an important electronic transition around 

2.2 eV. It has been established that this transition represents a 

charge-transfer between adjacent, octahedral ~ e ~ +  ions according to 

FeFe + FeFed Fe'Fe + Fe'Fe 

Another charge-transfer process 

is assumed to require an energy exceeding 3.5 eV, and may account for 

the photocurrent spectra in the ultraviolet region. 

4.6 Capacitance studies and flat-band potentials for Fez03 

The flat-band potential is the electrode potential at which the 

semiconductor bands are flat. This quantity is a measure of the 

potential which must be applied to the semiconductor, relative to a 

reference electrode, such that the bands remain flat as one approaches 

the interface. The flat-band potential also determines the relative 



Fermi levels of the semiconductor and electrolyte, and amount of band 

bending at the interface. The flat-band potential (Vfb) for semicon- 

ductor phot'oelectrodes can be determined by several different techni- 

ques: (1) Mott-Schottky capacitance method; (2) photocurrent/potentiaI 

method; and (3) onset of the photocurrent method. All of these methods 

were used in this investigation to determine the flat-band potentials 

of the Fe2O3 photoelectrodes. The photocurrent/potential method is 

based on the measurement of the photocurrent as a function of an 

applied potential, where the intercept of the photocurrent, 12, versus 

applied voltage, V, plot yields a flat-band potential. The con- 

straints on this method are that the optical absorption and the hole 

diffusion lengths be such that their product be much less than unity. 

This case is certainly valid for Fe2O3. This method relies on the 

assumption that the charged carriers will be distributed uniformly . 

throughout the sample. If this assumption is not valid, then this 

method should not be expected to yield a linear (I2 vs V) plot. This 

technique is not affected by surface states or adsorbed species and, 

therefore may be better than the capacitance technique for determining 

the flat-band potentials. The flat-band potential can also be deter- 

mined from the photocurrent onset potential Von. The Vfi and Von may 

not be identical for the same electrode if the surface region is 

depleted of donors or if the recombination is occurring near the 

surface. In the case of near-surface recombination, Vfi and Von 

determined from current-voltage plots are in agreement, but the actual 

onset of the photocurrent is at more positive or negative potentials 

for an n-type or a p-type semiconductor, respectively. Ideally, the 



photocurrent onset of an n-type photoanode should occur at a potential 

near its flat-band potential. In practice, however, the onset and 

subsequent iise of photocurrents occur at potentials positive of the 

flat-band potential which is ascribed to surface recombination of 

electrons and holes. Therefore, the energetics for the hydrogen 

evolution at the counter electrode must be favorable and the kinetics 

of oxygen evolution at the photoanode should be fast as well. Figure 

4.73 shows a result of the photocurrent-voltage method for the flat- 

band determination for a pure freeze-dried Fe2O3. By extrapolating the 

linear portion of the data, the flat-band potential of -0.15 V vs SCE 

was determined. The capacitance of the electrode is related to 

electrode potential by the Mott-Schottky relation 

where Csc is the capacitance per unit area of the space charge region, 

e is the dielectric constant, eo is the permitivity in a vacuum, q is 

the charge of the electron, Nd is the carrier density, V is the 

electrode bias, and Vfb is the flat-band potential. The slope from a 

plot of 1/cSc2 vs V is given by 

From this equation the carrier density can be determined. The flat- 

band potential was obtained by subtracting the quantity kT/q (-0.0259 

V) from the intercept of the voltage axis by the Mott-Schottky plot. 



Figure 4.73. The square of the photocurrent versus applied potential 
for a pure freeze-dried Fe2O3 (1M NaOH + 0.01M KNO3, pH = 
13.5). 
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Figure 4.74 shows the Mott-Schottky plot for pure freeze-dried Fe2O3. 

The flat-band potential was -0.2 V vs SCE as determined from the 

intercept i n  Figure 4.74. This value agrees well with the literature. 

Figures 4.75-4.80 show the square of the photocurrent versus voltage 

relationships for the Si and Mg doped Fe2O3. Results for the platini- 

zed samples are also reported in these figures. Figures 4.81-4.84 show 

the Mott-Schottky plots for the same samples. Flat-band potentials 

were determined from these results. Carrier concentration of donors 

and acceptors were also calculated from these results as well as the 

position of the Fermi energy in the Fe2O3 samples. As can be seen from 

these figures the flat-band potentials determined from the two techni- 

ques were generally in agreement with the theory. The values of the 

flat-band potential determined from the Mott-Schottky plots were 

usually more negative (0.1-0.2 V vs SCE) for n-type Fe2O3 or more 

positive for the p-type Fe2O3 than the values determined from the 

photocurrent-voltage relationship. This was expected as discussed 

previously. The data in the Mott-Schottky plots for the doped and 

platinized samples show usually two distinct slopes. Such a break in 

the line is seen for example in Figure 4.81 for the platinum doped 

freeze-dried Fe2O3. The two slopes were attributed to two different 

donor levels in the energy gap. One level is a shallow donor level 

located just bellow the conduction band and the other is a deep donor 

level located deeper in the energy gap. No break in the Mott-Schottky 

plot is observed for the pure Fe2O3. The carrier concentration for the 

pure sample was calculated to be 1 . 9 ~ 1 0 ~ ~  ~ m - ~ .  The carrier concentra- 

tions calculated for the Si doped samples were higher with increased Si 
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Figure 4.74. Mott-Schottky plot for a pure freeze-dried Fe2O3 (1M NaOH 
+ 0.01M KNO3, pH = 13.5). 



Figure 4.75. The square of the photocurrent versus applied potential 
for a Pt doped freeze-dried Fe2O3 (1M NaOH + 0.01M KNO3, pH 
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Figure 4.76. The square of the photocurrent versus applied potential 
for the platinized 0.1 at.% Si doped- freeze-dried Fe2O3 (1M 
NaOH + 0.01M KNO3, pH = 13.5). 



Figure 4.77. The square of the photocurrent versus applied potential 
for the platinized 1 at.% Si doped freeze-dried Fe2O3 (1M 
NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.78. The square of the photocurrent versus applied potential 
for the platinized 5 at.% Si doped freeze-dried Fe2O3 (1M 
NaOH + 0.01M KNO3, pH = 13.5). 



Figure 4.79. The square of the photocurrent versus applied potential 
for the platinized 1 at.% Mg doped freeze-dried Fe2O3 (1M 
NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.80. The square of the photocurrent versus applied potential 
for the platinized 5 at.% Mg doped freeze-dried Fe2O3 (1M 
NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.81. Mott-Schottky plots for platinum doped freeze-dried Fe2O3 
(1M NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.82. Mott -Schottky plots for silicon doped freeze-dried Fe203 
(1M NaOH + 0.01M KNOJ, pH = 13.5). 
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Figure 4.83. Mott-Schottky plots for platinized 1 at.% Si doped freeze- 
dried Fez03 (1M NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.84. Mott-Schottky plots for platinized 1 at.% Mg doped freeze- 
dried Fez03 (1M NaOH + 0.01M KNO3, pH = 13.5). 



level in the sample. The donor concentration for the 1 at.% Si doped 

sample was calculated to be 1 .66x1018 ~ m - ~ .  For heavily doped semicon- 

ductors such as these iron oxides, the flat-band is nearly coincident 

with the band carrying the majority carriers. Thus, for the n-type 

electrode, the measured flatband potential corresponds to the conduc- 

tion band edge, and for the p-type electrode, the flatband corresponds 

to the valence band edge. Information on the flatband potentials can 

then be used to generate an energy level diagram as shown in Figure 

4.85. The Fermi level was determined by connecting the assembly 

through a voltmeter to a reference electrode. The band gap determined 

from the photocurrent efficiency experiments was used to calculate the 

respective band edges. The shallow donor level for the Si doped 

freeze-dried sample was calculated to be about 0.29 V below the 

conduction band. The deep donor level for the same sample was about 

0.62 V below the conduction band. These results were determined from 

the two slopes observed in the Mott-Schottky plots. In the Mott- 

Schottky figures only a single line was fitted through the points to 

extrapolate the flatband potential, but in reality the data actually 

show two slopes. It should also be noticed in these Mott-Schottky 

plots that the data for the two slopes deviate very slightly from the 

straight line as opposed to the solid state doped samples where the 

points were scattered extensively. This proves again the homogeneous 

nature of the freeze-dried samples in comparison to the solid state 

doped samples. The scatter of the experimental points in the capacita- 

nce measurements is a good indication of the dopant homogeneity. The 

non-linearity in the experimental data can be also seen in the results 
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Figure 4.85. Energy level diagram showing band edge locations of doped 
Fe2O3. electrodes relative to hydrogen/oxygen redox couples 
(V values are normalized versus regular hydrogen 
electrode). 



of the photocurrent-voltage relationships where the two slopes are also 

apparent. The Mott-Schottky plots for the platinized Fe2O3 reveal 

similar behavior to the Si doped samples except the donor levels are 

positioned at shallower levels than silicon. These results confirm the 

conclusions from the photoelectrochemical measurements that one of the 

roles of platinum in the Fez03 is that it acts as a donor in the Si 

doped Fe2O3. The carrier concentration in the platinized samples 

increased with increasing platinum content in the samples which proves 

this conclusion. The donor concentration increased to 9 . 4 ~ 1 0 ~ ~  cm-3 

for the 5 at.% of platinum. The platinum donor level is calculated to 

be positioned from 0.26 V (for the 0.1 at.% Pt) to 0.22 V (for the 5 

at.% Pt) below the conduction band edge. The depletion layer width was 

also calculated from these measurements and it was on the order of 

6 x 1 0 - ~  cm. The depletion layer width decreased with increased doping 

as expected from the theory. The flatband potential was also shifted 

in the negative direction for the platinized samples as can be observed 

from the figures which is again quite typical of the increase in the 

carrier concentration (donors) in the samples. Having obtained the 

energy band diagram for the p/n Fez03 assembly we can explain the 

observed hydrogen and oxygen evolution from the illuminated hetero- 

junction. Upon illumination in solution, electron-hole pairs are 

photogenerated in both the n-type and p-type Fe2O3. In the p-type 

electrode, electrons are driven through the depletion region towards 

the interface where they convert hydronium ions in solution to hydrogen 

gas. Vacancies driven to the n-type interface convert hydroxyl species 

to oxygen gas. In both electrodes, the majority carriers migrate away 



from the surface to produce photocurrents. Doping the Fe2O3 electrode 

with Mg and Pt has shifted the p-type band edges cathodically thus 

making the- hydrogen evolution thermodynamically feasible. 

4.7 Cyclic voltammetry experiments of doped and platinized Fez03 

Cyclic voltammetry experiments were performed in the PEC cell under 

potentiodynamic conditions to determine stability of the Fe2O3 electro- 

des in a basic environment. To approach a steady state current and 

minimize the charging current, slow scan rates were used, typically 5- 

10 mV/second. The undoped commercial Fe2O3 did not show any sig- 

nificant photoactivity in the cyclic voltammograms. It exhibited large 

charging currents due high sample resistance and sluggish charge 

transfer kinetics that are amplified in the potentiodynamic experi- 

ments. Figures 4.86 and 4.87 show a cyclic voltammogram for 0.1 at.% 

Pt doped freeze-dried Fe2O3 in the dark and under illumination with 

visible light, respectively. The wan in the positive direction shows 

a very negligible dark current. Upon revering the scan in the negative 

direction the large cathodic peak observed at a potential negative of 

-1.2 V vs SCE is due to hydrogen evolution which is thermodynamically 

possible at these potentials in basic solution. The ~ e ~ + / ~ e ~ +  redox 

couple peaks are also visible in the voltammograms. When the sample 

was illuminated, the large anodic peak due to oxygen evolution appeared 

starting at +0.1 V vs SCE. The cathodic hydrogen evolution peak was 

also larger. These results are very consistent with the potentiostatic 

photoelectrochemical experiments discussed in section 4.3. The 

~ e ~ + / ~ e * +  redox couple peaks were only slightly larger suggesting small 
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Figure 4.86. Cyclic voltammogram of the 0.1 at.% Pt doped freeze-dried 
Fez03 in the dark (1M NaOH + 0.01M KNO3, pH = 13.5). 
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Figure 4.87. Cyclic voltammogram of the 0.1 at.% Pt doped freeze-dried 
Fe2O3 under illumination (1M NaOH. + 0.01M KNO3, pH113.5). 



photocorrosion under strong illumination. The photocorrosion in these 

samples was determined spectrophotometrically after the cyclic voltam- 

metry expeiiments to determine the amount of dissolved iron present in 

the electrolyte after these experiments. It was determined that the 

corrosion rates were almost negligible unless the samples were held for 

a long time at extreme positive or negative potential under which the 

electrodes undergo anodic or cathodic dissolution. Figures 4.88-4.91 

show cyclic voltammograms of 1 at.% Si doped freeze-dried samples with 

increasing amounts of platinum. We can observe the increased anodic 

current peak due to an increase in the oxygen evolution. The hydrogen 

evolution rates also increased with the increased platinum content 

which supports the conclusion from earlier experiments that the Pt may 

also act as a cathode in the n-type sample thus aiding in the hydrogen 

evolution. With the increased oxygen and hydrogen evolution rate, the 

corrosion rates increased only negligibly. Figures 4.92 and 4.93 show 

the results for the 5 at.% Mg doped Fe2O3 with 0.1 at.% Pt in the dark 

and under illumination, respectively. In this p-type cathode there is 

no anodic current observed as was also observed in the photoelectroche- 

mica1 experiments. The large cathodic peak occurring at -1.0 V vs SCE 

is due to hydrogen evolution. The large anodic peak observed at -0.6- 

0.5 V vs SCE is just the reduction current from the reduction of 

absorbed hydrogen on the surface of the Fe2O3 during the cathodic scan. 

The hydrogen production and cathodic current increased with illumina- 

tion. The cyclic voltammetry experiments complimented our earlier 

photoelectrochemical results. They showed that the Fe2O3 photoanodes 

and photocathodes are very stable in the basic solutions and can 
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Figure 4.88. Cyclic voltammogram of the 1 at.% Si + 0.1 at.% Pt doped 
freeze-dried Fez03 in the dark (1M NaOH + 0.01M KNO3, 
pH=13.5). 
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Figure 4.89. Cyclic voltammogram of the 1 at.% Si + 1 at.% Pt doped 
freeze-dried Fez03 in the dark (1M NaOH + 0.01M KNO3. 
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Figure 4.90. Cyclic voltammogram of the 1 at.% Si + 5 at.% Pt doped 
freeze-dried Fez03 in the dark (1M NaOH + 0.01M KNO3, 
pH=13.5). 



Figure 4.91. Cyclic voltammogram of the 1 at.% Si t 1 at.% Pt doped 
freeze-dried Fez03 under illumination (1M NaOH + 0.01M KNO3, 
pH= 13.5). 
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Figure 4.92. Cyclic voltammogram of the 5 at.% Mg + 0.1 at.% Pt doped 
freeze-dried Fez03 in the dark (1M NaOH + 0.01M KNO3, 
pH=13.5). 
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Figure 4.93. Cyclic voltammogram of the 5 at.% Mg + 0.1 at.% Pt doped 
freeze-dried Fe2O3 in the dark (1M NaOH + 0.01M KNO3, 
pHs13.5). 



withstand the high oxygen and hydrogen evolution rates occurring in the 

photoelectrochemical solar cells producing gaseous fuels. 

4.8 Photocatalytic studies 

Since Fez03 is an ideal material for solar energy conversion because 

of its convenient band gap matched to the solar spectrum, the photo- 

catalytic studies were conducted to asses the potential use of Fe203 

for the photocatalytic dissociation of water. Fe2O3 in the form of 

powder and as a colloid was used in the photocatalytic solar cell. All 

irradiations were done using only visible light. Figure 4.94 shows the 

absorption spectrum of the Fe2O3 sol used in these experiments. The 

absorption onset occurs around 575 nm corresponding to a band gap of 

2.2 eV. It w& discovered during photocatalytic experiments that any 

oxygen present in the cell would be slowly lost as determined from gas 

chromatography of the gaseous products above the solution in the cell. 

It was suspected that the Fez03 was absorbing oxygen present until some 

saturation point at which the oxygen was no longer consumed. 

Experiments were conducted with various amounts of Fe2O3 present in the 

cell where oxygen concentration was monitored versus time. The results 

are presented in Figure 4.95 where we can see that the oxygen consump- 

tion increased with time until a saturation point was achieved. Also 

the freeze-dried material showed less tendency to absorb oxygen which 

was ascribed to the smaller particle size of the Fe2O3, thus offering 

less chance of an oxygen being absorbed and trapped inside the Fe2O3 

particle. A test of the oxygen content in the irradiated cell versus 

time was conducted using deionized water. 



Figure 4.94. Absorption spectrum of Fe2O3 sol (prepared from hydrolyzed 
Fe(N03)3). 



Figure 4.95. Oxygen content versus time for determination of oxygen 
absorption on powdered Fe2O3. 
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The results revealed no significant loss or gain of oxygen as seen in 

Figure 4.96. A very small oxygen absorption effect was also observed 

with the F62O3 sol due to a very small colloidal particle size. 

Fe2O3 has a very small absorption coefficient as well as a very 

small carrier diffusion distance. These two properties limit the 

efficiency of Fe2O3 photoelectrodes. This problem may be decreased by 

using colloidal Fez03 of very small particle size and by using sacrifi- 

cial reagents to capture either electrons or holes thus preventing fast 

recombination of photogenerated carriers. Oxygen evolution was 

observed for colloidal Fez03 with AgN03 used as an electron scavenger. 

Two reactions are occurring in the photocatalytic cell: 

Figures 4.97-4.98 show the results of oxygen production using an 

electron scavenger. Oxygen production was at a maximum for 20 mg Fe2O3 

sol/liter. The commercial Fez03 produced only negligible amounts of 

oxygen after very long irradiation times due to its very low surface 

area which decreased the efficiency of absorbing the incident light. 

The effect of Si or Pt doping on the photocatalytic efficiencies of the 

oxygen evolution is seen in Figures 4.99-4.102. It was found that the 

maximum oxygen was produced with 1 at.% Si + 5 at.% Pt doped freeze- 

dried Fe2O3. This result would be expected from the photoelectrochemi- 

cal results. The solid state doped sample very slowly produced only a 
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Figure 4.96. Oxygen content versus time for irradiated deionized water 
in the photocatalytic cell (a blank test). 



Figure 4.97. Oxygen content versus time for 20 mg FezOj/l + 10 mM AgNO3 
irradiated with visible light. 



Figure 4.98. Oxygen content versus time for 100 mg Fe2O3/l + 10 mM 
AgN03 irradiated with visible light. 



Figure 4.99. Oxygen content versus time for 20 mg Si doped freeze-dried 
Fe203/l + 10 mM AgN03 irradiated with visible light. 



Figure 4.100. Oxygen content versus time for 20 mg Pt doped freeze- 
dried Fe2O3/l + 10 mM AgN03 irradiated with visible light. 
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Figure 4.101. Oxygen content versus time for 20 mg Si and Pt doped 
freeze-dried Fe2O3/l + 10 mM AgNO3 irradiated with visible 
light. 
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Figure 4.102. Oxygen content versus time for 20 mg Si and PT solid 
state doped Fe2O3/l + 10 mM AgN03 irradiated with visible 
light. 



small amount of oxygen. This was also expected due to the higher 

resistance, poor dopant distribution, and most importantly for the 

photocatalysis, due to the very low surface area. The oxygen produc- 

tion versus platinum content is seen in Figure 4.103, where it is 

obvious that oxygen production increases with increasing platinum 

content. Quantum efficiencies (ratio of the number of electrons 

delivered to the number of photons absorbed by the photoelectrode) were 

calculated and are shown in Figures 4.104 and 4.105. Production of 

oxygen ceases when all the ~ g +  is reduced by collected electrons to 

metallic silver. 
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Figure 4.103. Oxygen content versus platinum content for 20 mg Si doped 
Fe203/1 + 10 mM AgN03 



Figure 4.104. Quantum efficiencies versus platinum content for 20 mg 
Fe203/l + 10 m M  AgN03 irradiated with visible light. 
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Figure 4.105. Quantum efficiencies versus Fe2O3 content - mg/l + 10 mM 
AgN03 irradiated with visible light. 



CHAPTER FIVE 

CONCLUSIONS 

Well characterized and reproducible semiconducting Fe2O3 was 

prepared by freeze-drying. This technique produced very homogeneously 

doped semiconducting Fe2O3 that was used successfully in the photo- 

electrochemical and photocatalytic solar cell for the production of 

gaseous fuels by dissociating water. The high resistivity of the pure 

Fez03 was lowered by Si, Pt, or Mg doping. The Si and Pt dopants 

produced n-type semiconductors while the Mg dopant resulted in p-type 

semiconduction. In addition to doping, the optimum electrical proper- 

ties were achieved by heat treating the electrodes at 1385' C in air, 

followed by quenching to room temperature in order to introduce some 

Fe304 into the structure. These semiconducting photoelectrodes were 

used successfully as photoanodes and photocathodes for photoproduction 

of oxygen and hydrogen from heterojunctions illuminated with visible 

light. 

Photocurrents obtained with the photoelectrodes prepared from the 

freeze-dried Fe2O3 were more stable and up to ten times higher than 

with the samples prepared by the solid state mixing technique. The 

freeze-drying technique was shown to be a much superior way to produce 

well characterized semiconducting photoelectrodes. This observation 

was supported by the very consistent and reproducible results. The 



surface area of the freeze-dried samples was much higher than for the 

corresponding solid state doped samples which resulted in an increased 

active area-for light absorption and charge transfer between the 

semiconductor/electrolyte interface and hence higher efficiencies of 

the photoreactions were observed. The homogeneity of doping was 

clearly superior for the freeze-dried samples as demonstrated by SEM, 

TEM, and X-ray structural analysis. The superior homogeneity was also 

clear from the electrochemical and capacitance experiments. The Mott- 

Schottky plots showed a very linear relationship between capacitance 

and applied voltage, the flat-band potential, photocurrent onset 

potential, and flat-band potential determined from the capacitance 

measurements all agreed very well with each other which helps to 

support our claim that the freeze-drying technique produces superior 

electrodes to those from solid state mixing. The results from the 

solid state doped samples were very inconsistent and overall poor 

photoactive performance of the electrodes was mainly attributed to 

insufficient homogeneity of the solid state prepared samples. It is, 

therefore, important that the electrode preparation technique for the 

photoelectrochemical dissociation of water be one of the most signi- 

ficant factors in producing an effective and efficient solar cell for 

the production of gaseous fuels. 

The maximum photocurrent density obtained with the freeze-dried 

sample was 10 m ~ / c m ~  at 0.8 V vs SCE for the 0.1 at.% Si + 5 at.% Pt 

Fe2O3. The photocurrent also increased with increasing amount of 

platinum. The added platinum was shown to have several beneficial 



effects on the n-type and the p-type photoelectrodes. In the Si doped 

n-type semiconductor the platinum increased the carrier concentration 

via a shallow donor level within the bandgap. It was also shown that 

the platinum enhanced the probabilities of electron exchange and 

increased kinetics between the electrode and electrolyte species. The 

efficiency of the photoelectrochemical reactions was increased with 

added platinum by eliminating the transient currents. In the cyclic 

voltammetry experiments it was shown that the platinum in the n-type 

semiconductor at negative potentials acts as a local cathode and 

enhances the production of hydrogen. In the p-type Fe2O3, the platinum 

acts as an electrocatalyst and lowers the overpotential for hydrogen 

reduction. 

The important results by Somorjai et al. [271,321] were confirmed in 

this investigation where a p/n Fez03 heterojunction was used in the 

photoelectrochemical solar cell to photodissociate water into oxygen 

and hydrogen with visible light. Doping the Fez03 with Mg and Pt 

shifted the p-type band edges cathodically and made the production of 

hydrogen thermodynamically feasible. This important result was further 

improved by using the Fe2O3 electrodes prepared by freeze-drying and by 

the addition of platinum. The photogeneration of oxygen was also 

achieved in the photocatalytic solar cell by irradiating doped Fe2O3 in 

the presence of an electron scavenger. The quantum efficiency of this 

photocatalytic reaction was increased to almost 1% by the incorporated 

platinum. This important result was also only possible due to the 

superiority of the freeze-drying technique to produce homogeneously 



doped samples of very high surface area. The results for the solid 

state doped samples showed that this technique was unsuitable for 

photocatalyiic oxygen production. The beneficial effect of homo- 

geneously incorporated platinum through freeze-drying also greatly 

improved the efficiency of the photocatalytic reaction. The Fe2Oj was 

found to be stable against photocorrosion for extended periods of 

illumination and photocurrent generation in a basic electrolyte. It 

was shown that doped and platinized freeze-dried Fe2O3 can be used more 

efficiently than the Fe2O3 prepared by the solid state doped technique 

in the photoelectrochemical and photocatalytic cell for gaseous fuel 

generation using solar energy. 
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