
Lawrence Berkeley National Laboratory
Recent Work

Title
THE PHOTODISSOCIATION OF WATER OVER DOPED IRON OXIDES: MATERIALS AND 
MECHANISMS

Permalink
https://escholarship.org/uc/item/1wz80937

Author
Hendewerk, M.L.

Publication Date
1985-11-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1wz80937
https://escholarship.org
http://www.cdlib.org/


LBL-22142 c.~ 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division 

RECEIVED 
LAWHENCE 

BER!(!::I r;:y l.A80Pt'.TORY 

, OCT 1 6 1986 

U811ARY I.i,ND 
DOCUMENTS SECTION 

THE PHOTODISSOCIATION OF WATER OVER DOPED IRON 
OXIDES: MATERIALS AND MECHANISMS 

M.L. Hendewerk 
(Ph.D. Thesis) 

November 1985 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

t;; 
r 
I 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of autl}ors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



1;,,1. The Photodissociation of Water over Doped Iron Oxides: 

Materials and Mechanisms 

Monica Hendewerk 

Ph.D. Thesis 

November 1985 



\ ." 

The Photodissociation of Water over Doped Iron Oxides: 

Materials and Mechanisms 

Monica Hendewerk 

Materials and Molecular Research Division 

Lawrence Berkeley Laboratory, 

and Department of Chemistry 

University of California. Berkeley. CA 94720 

Abstract 

The main goal of this project has been to study the possibility 

of economi ca 11 y converti ng so I ar energy to c"emi ca 1 energy. It was 

found that two iron oxide electrOdes. one containing MgO and the 

other 5iO~. connected to form a short circuited assembly would 

successfully photodissociate water when illuminated with light. No 

external energy source was necessary. The power conversion 

efficiency of this cell proved to be low. Extensive research 

followed in which the Mg-doped electrode and the short circ~jted 

aSiembly were thoroughly characterized. Although the Mg-dooed 

material 'is not a true p-type semiconductor. it possesses very 

unique properties. In photoelectrochemical experiments. t~e 

Mg-doped ceramic discs produce cathodic currents under 

illumination. Sintered discs of 5i-doped and Mg-doped 

give measurable photocurrents when put in ohmic contact with each 
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other to form a short circuited assembly in which both Hz and Oz 

are produced from water. 

As a supplement to these studies and as a correlation to water 

photodissociation. experiments have been performed uSing ultra high 

vacuum techniques (thermal desorption spectroscopy. ultraviolet 

photoe I ectron spectroscopy. and x-ray photoe I ectron spec troscopy to 

study the reaction of HzO with stoichiometric and partially 

reduced single crystals of ~-FeZOl <basal plane). K was added 

to simulate the presence of alkali metals in the electrolyte 

solution used in the short circuited assemblies. Reduced iron 

oxides were produced which are stable to relatively high 

temperatures (500 K) due to an oxidized outermost layer. Substrate 

water interactions on the reduced iron oxide crystals are 

dissociative~ while on the oxidized crystal they are not. K 

interacts strongly with the iron oxide surface and again che water 

adsorption properties were dissociative. 

~-

, 



To my mother, with love 



i i 

Acknowledgements 

First and foremost I must thank Gabor Somorjai. An itemized 

list of his contributions to my graduate career and my future would 

be longer than my thesis. This has been a. most profitable four 

years. I cannot think of a better advisor, a better group. or a 

better school to have gotten a Ph.D. from. 

lowe many many thanks to Chri s Leygraf who started me off on 

the right foot and starred with me in the celebrity year of 1982 

when hydrogen was it instead of coke. 

As a result of some avaricious dreams of economic feasibility, 

this oroject bloomed at an accelerated rate. It was extremely 

exciting. The consequence of this promise to science was an 

enormous interest in the project so that the results compiled here, 

by me, are a combination of the ambitious ideas and collaborative 

work of many people. None of these gifted minds belonged to 

graduate students. so that the writing of my thesis stands to be the 

first opportunity to bring together all of the widely varying 

e x per i ment sand resu 1 t s wh i ch have been been acqu i red by attack i ng 

this problem from different perspectives in different corners of the 

laboratory: from solid state bulk properties of the electrode 

material generated with synthetic inorganic expertise to the 

electrochemical results as studied by true solution chemists. to the 

very physical spectroscopic studies of the near surface region in 

ultra high vacuum. 

I would I ike to thank Kurt Sieber and Clement Sa.nchez who gave 

the project a much needed redirection toward materials research and 

who generous I y shared the i r knowl edge and the tri cks of the trade 

" 



iii 

for making single crystals. I am also grateful for many stimulating 

discussions and ideas from Miguel Salmeron in the last year. 

In addition, I should acknowledge Hiroshi Nakanishi, Dave Neiman, 

and John Turner for their contributions to the water project. 

The enti re techni ca 1 and support staff of MMRD deserve thanks 

for making progress possible. The electronics shop was my favorite 

place to go. Power supplies always failed at crucial moments, yet I 

cannot remember a time when Jim Severns did not miraculously fix my 

bo)( very quickly and with a smile on his face. Of course, without 

Glenn Baum, Hank Brundle, Keith Franck. John Holthuis, Don Krieger, 

Cathy Sterling, and Sandy Stewart, I would never have gotten 

anywhere. 

Last but not least, I must thank my family and friends for their 

never ending support. encoungement, and pride. Randy Grimes has 

always been there to make my d~y a happy one. 

The dedication of my thesis to my mother is only a small 

compensation for all that she has given to me. 

This work was supported by the Director, Office of Energy Research. 

Office of Basic Energy Sciences, Material Science Division of the 

U.S. Department of Energy unaer contract number DE-AC03-i6SF00098. 



i v 

Table of Contents 

Abstract ............................................................ 1 

Acknow1 edgements ................................................... i i 

Chapter One: Introduction. 0 •••••••••••••••••••••••••••• 0 ••••••••••• 1 

Fi gures 0 ••••••••••••••••••••••••••••••••••••••••••••••••••••••• 11 

References ........•....•....•.•................................ 19 

Chapter Two: Exper i menta 1 ......................................... 22 

Doping of Semiconductor Electrodes ............................. 22 

The Space Charge Layer .................................... 2S 

Materials Preparation 

Synthesis of Doped Polycrystal1ine Iron Oxides ............ 27 

Single Crystal Growth of Doped Iron Oxides ................ 27 

Characterization 

Bulk X-ray Diffraction .................................... 28 

Scanning Electron Microscopy ............................. . 30 

Electrical Properties .................................... . 30 

Magnetic Susceptibility ................................... 31 

DC Photoelectrochemical Measurements ...................... 31 

Dep 1 e t i on Layer Capac i tance Mea s urements ......... : ........ 3S 

AC Photoe 1 ectrochemi ca 1 Measurements ...................... 38 

Figures ....................................................... . 40 

References ..................................................... 52 

Chapter Three: Results and Discussion ............................. 53 

Polycrysta11ine Mg-doped and Si-doped Iron Oxides .............. 53 

The Onset for Photocurrent ..................................... 54 

The Influence of Sintering Temperature on Mg-doped Iron Oxide .. 59 

Composition vs Sintering Temperature and Dopant Concentration .. 63 



v 

Electrical Properties Governed by Sintering Temperature and 

Dopant Concentra ti on ........................................... 65 

Photocurrent Response to Variations in Mg Dopant Levels ........ 66 

Th~ Effect of 02 Purging of the Electrolyte Solution on 

Photocurrent ................................................... 67 

• pH Dependence of Photocurrents ................................. 68 

Stability of the Photocurrents of the Mg-doped Iron Oxides ..... 69 

Figures ........................................................ 73 

References ..................................................... 90 

Chapter Four: A Short Circuited Iron Oxide Assembly For the 

Photodissociation of Water ......................................... 92 

Dep 1 etion Layer Capac i tance Measurements ....................... 94 

The Production of HZ and 02 Gases From the Short Circuited 

Assembly ................................................. 103 
0('.,' 

Long Term Stability of the Iron Oxide Semiconductor As~embly .. 108 

Rep roducibily of Photocurrents and H2 Gas Production .......... 109 

AC Photoelectrochemical Measurements .......................... 111 

Figures ....................................................... 115 

ReferE:nce s .................................................... 131 

Chapter Five: Ultra High Vacuum Studies .......................... 134 

Introduction .................................................. 134 

Ultra High Vacuum Surface Analysis ............................ 135 

X-ray Photoelectron Spectroscopy ......................... 136 

Ultraviolet Photoelectron Spectroscopy ................... 139 

Auger Electron Spectroscopy .............................. 141 

Argon Ion Bombardment .................................... 142 

Low Energy Electron Diffraction .......................... 142 



vi 

Thermal Desorption Spectroscopy •......................... 144 

Data Treatment ................................................ 146 

Results and Discussion 

Oxidized/Reduced Single Crystals: Work function changes .. 146 

Thermal Desorption of Water from Iron Oxide .............. 148 

Interactions of Water with Iron Oxide Single Crystals .... 151 

Water Interactions on a K Covered Surface ................ 153 

Conclusions .............................................. 155 

Figures .................................................. 156 

References ............................................... 184 

v 



'..J 

Chapter One 

Introduction 

The main goal of this project has been to study the possibility 

of economically converting solar energy to chemical energy. It was 

decided to focus on using semiconductors and light for assisting the 

thermodynamically uphill reaction of dissociating water to form 

hydrogen and oxygen gas. Hydrogen is an important fue I. It can be 

used as a gas or converted to a metal hydride and transported before 

e)(tracting the stored energy. The first objective was to find a 

semiconducting material which would be suitable for 

photodissociating water in a pIn diode assembly. 

Many photoelectrochemical studies aimed at the photodissociation 

of water with semiconductor electrode systems require the use of an 

applied external bias in additio~ to irradiation by light of greater 

than bandgap energy (REF 1.1>. Various ways to eliminate the need 

for an external potential have been explored (REF 1.2-1.5>. One 

such way is to use a photochemical diode cell 1n which photoactjve 

p-type and n-type semiconductors are put in ohmic contact in a short 

circuit configuration as a photocathode and photoanode for oxidation 

and reduction reactions (REF 1.6-1.9). Another method would be to 

incorporate the two electrodes into one by depositing metal 

catalysts on semiconductor electrodes. Such photocatalytic devices 

would be valuable if they could be used for the generation of H~ 

and O~ in two separate compartments. This would provide a means 

of transforming solar power into either chemical energy by 

collecting H:. or into electrical energy by utilizing the 
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photocurrent between the p-type and n-type electrodes. 

Previous experiments in this laboratory showed that SrTi0 3 

when coated with a thin film of platinum produced Hz gas from 

HzO at very high rates without any external applied bias (REF 

1.10), However, the bandgap of this material is in the ultraviolet 

so that very little of the radiation from the sun is utilized, and 

platinum is a very expensive catalyst. It was for this reason that a 

search was made for a more suitable material. The most important 

criteria were that the material have a bandgap which would allow a 

greater portion of the sun's energy to be uti lized, that the 

electrodes exhibit stability in solution, and that the system be 

economically practical to use as a means of converting water to 

hydrogen and oxygen gases. 

There have been many discussions about suitable materials for 

photocatalytic reactions using solar energy (REF ~.11-1.1~). Ferric 

oxide (FezO) is a good candidate for such reactions. It is 

abundant and therefore inexpensive, and it is stable in both acidic 

and basic aqueous solutions. The most attractive features are that 

it has large absorption coefficients (REF 1.15) and a Landgap of 

2.2-2.3 eV (REF 1.16-1.20> which is in the visible region of the 

solar spectrum and allows the utilization of 401. of the radiation 

from the sun (Figure 1.1). 

The photoe I ectrochemi ca I characteri sti cs of n-type i ron ox ides 

for water decomposition using a-FeZOl or metal-deposited 

a-FezO) in the form of single crystals (REF 1.21.1.22), 

polycrystalline discs (REF 1.23-1.26), and thin films (REF 1.27-

1.32> have been extensively stUdied. The theoretical efficiency 
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of a semiconductor electrode with a bandgap of 2.2 eV is > 20 

percent (Figure 1.2). Whereas a large number of n-type Fe Z03 

photoelectrodes have been successfully used, no p-type Fe Z03 has 

so far been shown to e~hibit photocatalytic behavior (REF 1.33-1.37). 

It was our goal to develop a pIn diode assembly comprised of 

doped iron oxides. Of the many attempts at doping polycrystalline 

sintered iron o~ide discs with divalent cations to produce a 

suitable cathode for such a pIn diode assembly, the best results 

were obtained by the addition of Mg in the form of MgO to 

~-FeZ03 using previously reported techniques for producing 

sintered n-type iron oxides (REF 1.26>' Although a true p-type 

diode was never produced, a very unique material was developed. 

In photoelectrochemical experiments, the Mg-doped ceramic discs 

as photoelectrodes show cathodic currents under illumination, but do 

not exhibit true p-type diode characteristics. N~netheless, this 

Mg-doped iron oxide material can be used as a photocathode in 

aqueous solution and will operate in a short-circuited assembly in 

which Hz and Oz are produced from water. Sintered discs of 

Si-doped and Mg-doped ~-FeZO, give measurablp photocurrents 

(Table 1.1> when put in ohmic contact with each other to form a 

short circuited assembly as shown in Figure 1.3. 

There are several requirements which must be met in order for 

the photodissociation of water to take place in a short circuited 

pIn diode assembly. The dissociation of water to hydrogen and 

oxygen requires energy of ilG29s ~ 4.6 eV (228 kJ/mol). 

Irradiating a semiconductor assembly with one electrode having the 

conduction band located negative of the H·/H 2 redox couple and 



TABLE 1. 1 

Measured Photocurrents in Iron Oxide Assemblies 

After One Hour of Exposure in 0.01 N NaOH 

n-type: Si/(Si + Fe) = 2 atom 1. 

Mg-doped: Mg/(Mg + Fe) = 1,5.10 and 20 atom % 

Mg/(Mg + Fe) (atom 1.) 5 10 

Photocurrent (~A) 

Both electrodes illuminated 5 8 13 

Only n-type illuminated 2.5 2.5 3.5 

Only Mg-doped illuminated 1.5 1.5 4 

no illumination <0.5 <0.5 <0.5 

4 

20 

3 

2.5 

0.5 

<0.5 
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the other electrode with the valence band positioned at an energy 

more positive than the OzIOH- redox couple on an electrochemical 

scale with light, one may produce electrons in the excited state and 

electron vacancies at the surface that can perform the photochemical 

reduction (ZW + Z e ------+ 2H ------+ Hz) and oxidation 

(20H- + 2+ ----+ H2 0 + 1/2 O2 ) of water. These specific 

thermodynamic criteria must be satisfied for this process to be 

feasible. The conduction band edge of the p-type semiconductor in 

solution must lie at a potential more positive than the W + e 

------+ 112Hz half cell potential. Similarly, the valence band 

edge of the n-type semi conductor must be more negative than the 

20H- ----+ Ze- + liZ Oz + HzO half cell potential (Figure 

1.4>' When the electrodes are immersed in an aqueous solution a 

depletion lay~r is formed in the near surface region of the 

semiconductor at the e1ectrodele1ectro1yte interface. Th1$ 

depletion layer is essentially an electric field which serves as a 

force for driving electrons or holes to the surface in n-type and 

p-type semiconductors, respectively. Electrons at the surface of 

the p-type photocathode mediate the conversion of hydronium ions tv 

hydrogen gas. while electron vacancies oxidize hydroxyl species to 

oxygen at the n-type photoanode. The majority carriers recombine to 

contribute to the measured photocurrents. These requirements dictate 

that the semiconductor bandgap be greater than 1 .23 eV. the one 

electron potential needed to dissociate water (H 2 0 + Hz + 1/2 

O2 • ~Eo =- I.Z3 eV). and that one of the semiconductors have a 

majority of positive carriers (p-type) while the other electrode 

have a majority of negative carriers (n-type). 
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A number of semiconductors which satisfy these basic 

thermodynamic criteria are shown in Figure 1.5. The smaller bandgap 

materials (i .e. sulfides) are more reactive than the larger bandgap 

materials (i .e. oxides) (Figure 1.5), A large proportion of these 

undergo side reactions in aqueous solution which result in corrosion 

or de compos i ti on of the electrode surface renderi ng them i nacti ve. 

In addition, these smaller bandgap materials fall in a region of low 

spectral flux density from the sun (Figure 1.6). Many of the 

transition metal oxides are excellent candidates for water 

photodissociation since the bandgaps are large enough to afford some 

stability in solution and small enough to utilize the radiation from 

the sun. 

Iron oxide. a.-FezOl. satisfies both criteria. It has a 

. band gap of 2.3 eV which is large enough that photocorrosion of the 

electrode in aqueous solutions is not a problem. and small enough so 

that visible light can be used to excite electrons from the valence 

band to the conduc t i on band in order to in it i a te the 

photodissociation process. Pure and doped a.-FeZOl have been 

shown to be good n-type electrodes. but have not been known to have 

conduction band molecular orbitals available for the transmission of 

electrons with energies compatible with the requirements for 

hydrogen reduction in an aqueous solution. 

In this study. it has been found that by cosintering MgO and 

a.-FezOl at high temperatures the valence band of the Mg-doped 

electrode and the conduction band of the Si-doped electrode are 

positioned at energies with respect to the redox couples in solution 

(W/H z and Oz/QH-) such that the simultaneous evolution of 

v 
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Hz and Oz from water with an iron oxide short circuited assembly 

is thermodynamically feasible (REF 1.38). 

As is shown in Table 1.1 the greatest current flow occurred upon 

simultaneous illumination of both semiconductors. This photocurrent 

was a lways greater than the sum of the current from i 11 umi nati ng 

only one of the electrodes in the assembly. It is also noteworthy 

to mention that for the pIn assembl ies the dark currents were very 

small (-O.5~). This is a good indication that there were no 

corrosion processes or other reactions occurring in the dark. 

Table I. I shows the measured photocurrents and hydrogen 

production from one such assembly. The economic feasibility of 

utilizing such an assembly for commercial solar energy conversion is 

not only dependent upon the cost of the materials but the output 

power of' the device per unit time. The c~emical output power of the 

polycrystalline assembly can be cal~ulated either from the 

photoinduced hydrogen production rate or from the measured 

photocurrents across each pIn assembly using photon energies in the 

visible range of the solar spectrum. By integrating the 

photocurrents from our best assembly and assuming that all electrons 

which cross the electrode/electrolyte interface proceed to reduce 

hydronium ions to Hz gas molecules, a power conversion efficiency 

of slightly less than O.OSt was obtained. This can be compared with 

other pIn photoelectrolytiC cells in which efficiencies were 

reported which were one order of magnitude higher (REF 1.8,1.9). 

These cells contained single crystal TiO z (Eg = 3.0 eV) or 

SrTf0 1 <Eg a 3.2 eV) as n-type electrodes and required 

considerably higher photon energies than the present cell which 
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would make them unlikely candidates for photochemical solar energy 

conversion. 

A pin diode assembly which demonstrates a power conversion 

efficiency of 0.05t does not constitute a commercial solar energy 

conversion system. After the initial discovery of a working short 

circuited iron oxide assembly much time was devoted to understanding 

the iron oxide system that had been created and characterizing the 

electrodes. particularly the Mg-doped iron oxide. In order to 

increase the efficiency of this electrochemical cell it was 

neces sary to focus on each of the fundamenta I steps i nvo I ved in the 

photodissociatfon process individually to ascertain its contribution 

to the functionality of the cell. The basic steps involved in the 

water photodissociation process on the p-type electrode are outlined 

in Figure 1.7. Illumination of the semiconductor with light having 

energy great~r than the bandgap of the material excites an electron 

from the valence band into the conduction band. This electron hole 

pair is separated by an electric field gradient which drives the 

minori ty carrier to the surface of the electrode. In subsequent 

steps ionic <ip~cies are adsorbed onto the surface and electronic 

transfer of the minority carrier across the electrode/electrolyte 

interface occurs. The reduced <p-type) or oxidized <n-type) species 

may undergo a further reaction such as the recombination of two 

hydrogen atoms to form H2 before be i ng desorbed from the surface. 

~ithin these steps are many parameters which control the efficiency 

of an electrochemical cell: the bandgap. bulk. surface and grain 

boundary recombination rates of photogenerated electron hole pairs. 

absorption of light by the electrode and the electrolyte solution. 

I,' 
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the internal cell resistance and the electrode kinetics. 

Since the open circuit voltage. Voe. increases as the bandgap 

energy increases and the efficiency of a short circuited pin cell is 

directly proportional to the open circuit voltage it is advantageous 

to use the largest bandgap material possible. However, efficient 

use of the solar spectrum is also important. The bandgap must be 

small enough to utilize visible light. Bulk material, surface 

states. and grain boundaries all increase the cross section for 

non-radiative recombination processes which obviously reduce the 

rate of electron transfer across the electrode/electrolyte interface 

thereby decreasing the efficiency of the cell. The reduction of 

protons to form hydrogen molecules depends heavily on the electrode 

kinetics. i.e. the adsorption, reduction. and recombination steps. 

In the electrochemical cell we found that reduced iron oxides 

act as p-type photocathodes in an alkali metal hydroxide solution. 

A more detailed examination of the nature of these reduced iro" 

oxide states was performed via ultra high vacuum analysis 

techniques. Single crystals of pure and Ge-doped ~-FeZ03 were 

synthesized to study the interaction of water and a$lkali metals with 

the iron oxide surface under ultra high vacuum conditions. In the 

UHV chamber it was shown that reduced iron oxides can be produced 

which are stable to relatively high temperatures (500 0. Oxidation 

of the outermost exposed layers occurs very rapidly. but the reduced 

Fe species lying below the surface are protected by this outer 

oxidation layer and remain reduced even at high temperatures. After 

exposure to thousands of Langmuirs of water and subsequent anneal ing 

only a few of the outermost la.yers are oxidized. These deep lying 
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reduced species are primary contributors to the catalytic activity 

of a short circuited iron oxide assembly. 

Hz production was not observed in the UHV experiments when 

light was used to photodissociate adsorbed water on the single 

crystals, because. the kinetics of the dissociation reaction were too 

slow. It is also possible that the (001) face of ~-FeZ03 is 

not the active face in the photodissociation process. Thermal 

desorption stUdies revealed that substrate-water interactions on the 

(001) basal plane of a fully oxidized stoichiometric ~-Fe203 

crystal are very weak as evidenced by the lack of multiple 

desorption peaks for the mono- and multi layers of water. Because of 

the rapid formation of an oxidized layer on the sputter reduced iron 

oxide, it too, exhibits weak water-substrat~ interactions. 

The pres~nce of the alkali. metal in the electrolyte solution of 

the pIn assembly apparently has little effect on the 

photodissociation process. K interacts very strongly with the iron 

oxide surface, but does not change the water adsorption properties 

on the iron oxide surface. K cannot be thermally desorbed nor does 

it penetrate into the bulk. It is easi~y removed with light argon 

ion sputtering. Water decomposes on the K to form K-OH and 

subsequent anneal ing breaks the O-H bond to give Hz gas leaving 

the 0 behind as a potassium oxide. 

In the past four years the Mg-doped iron oxide material and the 

short circuited assembly have been characterized macroscopically and 

microscopically, piece by piece and as a whole. Extensive studies 

of the Mg-doped iron oxide material and the short circuited assembly 

are presented here. 
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Figure 1.1. 

Figure 1.2. 

Figure 1.3. 

Fi9!re 1.4. 

Figure 1.5. 

Figure 1.6. 

Figure 1.7. 
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Figure Captions 

Spectra 1 i ntens i ty from the sun as a function on 

wavelength. The shaded area represents 40% of the 

total solar flux density . 

Maximum excitation efficiency for a single-threshold 

quantum absorber as a function of threshold energy 

(bandgao) . 

Schematic illustration of a short circuited electrode 

assembly for the photodissociation of water using 

doped iron oxides. 

Energy level diagram for an operating short circuited 

iron oxide assembly. 

Valence and conduction band edges for several 

transition metal oxides. Also included are potentials 

for hydrogen and oxygen evolution. 

Band gaps of some oxides and sulfides in relation to 

spectral flux density of solar radiation. 

The basic steps for the reduction of water at a p-type 

electrode. 
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Reduction of H2 at a p",type Iron Oxide Electrode 
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Chapter Two 

EXPERIMENTAL 

Doping of Semiconductor Electrodes (REF 2.1) 

Semiconductor Band Structures 

22 

The electronic properties of semiconductors are completely 

determi ned by the electrons exc i ted into the conducti on band and 

holes left behind in the valence band. In the ground state of a 

semiconductor at T = 0 K, all bands are either completely filled or 

completely empty. and within the independent electron model. 

electrons in a completely filled band can carry no current. At T = 

o K the lowest unoccupied bands are denoted conduction bands and the 

highest occupied bands are labelled as the valence bands. Electrons 

which are excited into the conduction bands can conduct and 

concommitantly cC1duction of electron vacancies or holes can occur 

in the valence band out of which the electrons have been excited. 

The electrons wi 11 be found almost exclusively in levels near the 

conduction band minima. while the holes will be confined to the 

neighborhood of t"e valence band maxima. The conduction bands of 

a-Fe 2 01 and Fe )04 are compri sed of Fe( 3d) orbi ta 1 s wh i 1 e 

the valence bands consist of 901. 0(2p> orbitals with some additional 

Fe (3d) contributions. The region between the valence and 

conduction bands, the bandgap. is unoccupied and is forbidden for 

occupation by an electron. 

Carrier Densities in Thermal Eguil ibrium 

A very important property of any semiconductor at temperature T 

is the number of electrons per unit volume in the conduction band. 
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ne. and the number of holes per unit volume in the valence band, 

pv' The values of ne(T) and Pv(T) depend critically on the 

presence of impurities. The effect of impurities is to introduce 

additional levels at energies between the top of the valence band, 

Cv • and the bottom of· the conduction band, ee without 

appreciably altering the density of levels in the conduction band. 

ge(C). and gv(c). Since conduction is entirely due to 

electrons in conduction band levels or holes in valence band levels, 

regardless of the concentration of impurities, the numbers of 

carriers present at temperature T will be given by 

n e (T) = f~ e d c g e ( c> --....."........,.,..;..-.,.,....--=----,~ 
e<c-"'>/ksT + 1 

PvC T> 2 f:;;' dc gv( c>--..~~:-:---=--
e<"'-£)/ksT 

Im~urities affect the determination of ne and Pv only through 

the value of the chemical potential.},!. rt is common practice to 

refer to the chemical potential of a semiconductor as the Fermi 

level. Since the chemical potential 1 ies in the energy gap. there 

is no one electron 1 eve I whose energy is ac tua 11 y at the Fermi 

level. in contrast to the case of a metal. Thus the usual 

definition of the Fermi level (that energy below which the 

one-electron levels are occupied and above which they are unoccupied 

in the ground state of a metal) does not specify a unique energy in 

the case of a semiconductor. Any energy in the gap separates 

occupied from unoccupied levels at T 2 o. The term Fermi level 

should be regarded as a synonym for chemical potential in the 

context of semiconductors. 

Using the case of an intrinsic semiconductor one can derive a 
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simple equation for the chemical potential of a doped semiconductor 

~ = Cv + 1/2 E9 + 1/2 kaT IniQvl. 
nc 

From this equation one can see that for an undoped semiconductor the 

chemical potential is located midway between the valence and 

conduction band (Pv a nc)as shown in Figure 2.1A. 

Impurity Levels 

Impurities that contribute to the carrier density of a 

semiconductor are called donors if they supply additional electrons 

to the conduction band, and acceptors if they supply additional 

holes to (i .e. capture electrons from) the valence band. Most donor 

impurities are atoms that have a higher valence than the atoms which 

they are going to replace in the bulk material, while acceptors have 

a lower chemical valence. In this case Si 4 
.. acts as a donor in 

the iron <Fe)·) oxide lattice, creating an n-type semiconductor, 

while, ideally, Mg z .. acts as an acceptor, for the creation of a 

p-type semiconductor (REF 2.2). For an n-type material (SI-doped) 

the additional electron introduced by the impurity should be thought 

of as being in a superposition of conduction band levels of the pure 

host material, which is appropriately altered by the. additional 

localized charge +q representing the impurity. The electron can 

mi n i mi ze its energy by us i ng on 1 y 1 eve I s near the bottom of the 

conduction band. Since small energy gaps are generally associated 

~ith large dielectric constants, the binding energy of the electron 

for the impurity atom is very much smaller than the actual 

ionization potential of the atom. Since this binding energy is 

measured relative to the energy of the conduction band levels from 

whiCh the bound impurity level is formed, It can be concluded that 
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donor impurities introduce additional electronic levels at energies 

&d which are lower than the energy &c at the bottom of the 

conduction band, by an amount that is small compared with the energy 

gap Eg (Figure 2.2). Since this energy difference between the 

donor level and the conduction band is small, the electron is easily 

excited from the donor level to the conduction band leaving a 

tightly bound localized vacancy and a "free" electron in the 

conduction band. This increases the number of carriers in the 

conduction band relative to the valence band and thus the chemical 

potential also rises. This is shown schematically in Figure 2.18 

for both p-type and n-type semiconductors. 

The Space Charge Layer 

Once the semi conductor has been immersed in so I uti on and has 

reached equilibrium the chemical pot?ntials of the two systems must 

be equal. Using the n-type semicond'Jctor as an example one can see 

that if the chemical potential of the solution is less than that of 

the semiconductor. electrons will flow from the semiconductor to the 

solution via a charge transfer reaction at the electrode/electrolyte 

interface. The accumulated excess charge forms an electric double 

layer which has a particular structure depending mainly on the 

concentration of the mobile and immobile charge carriers at both 

sides of the interface (Figure 2.IC). It can be shown that the 

amount of adsorbed ionic charge at the surface depends mainly on the 

composition of the electrolyte and very little on the excess charge 

on the semiconductor (REF 2.3.2.4>. The position of t,he valence 

band edge of an oxide semiconductor in an aqueous solution is 

generally fixed due to the strong interaction of the 0(2p) orbitals 
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with water. binding protons or hydroxyl groups (REF 2.5). The 

following equilibria have to be considered. 

and 

M-O + H2 0 +------+ +------+ 

This is an important consideration since with the band edges fi><ed 

at a given level with respect to the chemical potential of the 

solution, only the distribut~on of electronic charge in the 

semiconductor varies when a bias is applied to the electrode or when 

the Fermi level of the semiconductor is otherwise altered. 

Depletion Layer ~idths 

The spatial extent of the space charge layer into the bulk of 

the material from the surface is very dependent on the charQe 

carrier concentrations (dopant concentrations). The higher the 

concentration of carriers is per unit volume the narrower the space 

charge layer wi 11 be since the electrons transferred to the solution 

when creating the depletion layer will be available from very near 

the surface. whereas with low dopant levels the electrons would have 

to travel from deeper within the bulk (Figure 2.1C>. The width of 

the depletion layer is given by (REF 2.6) 
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and can be determi ned if the amount of band bend i ng, V'o b, and the 

majority carrier density, N, of the semiconductor are known. c is 

the dielectric constant for iron oxide (REF 2.7> and the other 

constants have their usual values: Co, the permitivity of free 

space, and q, the charge on an electron. Vbb is the applied 

potential beyond the flatband potential and is easily determined 

once the fl atband potenti a 1 has been obta i ned from aMott-Schottky 

plot of measured space charge capacitances. Similarly, the carrier 

density can be obtained from a Mott-Schottky plot. See Chapter 4 

for a· detailed explanation of Mott-Schottky measurements and the 

equations used for the extraction of these parameters. 

Materials Preparation 

Synthesis of Mg-doped and 5i-doped Polycrystalline a-FezQ3 

Mg- and Si-doped iron oxide samples were prepared by mixing 

powders of a-F~zOl (MCB Manufar.turing Chemists, reagent grade) 

with either SiO: (Alfa Products) or MgO (Mallinckrodt. analytical 

reagent grade). a II wHh a nomi na 1 puri ty of 99.97. or better. The 

mixed powders were pressed (7000 Kg/cm2) to form pellets 10mm in 

diameter which wc .. e then sintered:>n a Pt grid under an atmosphere 

of pure Nz , pure Ar. or air in a vertical tube furnace at 

1340-1480°C for at least 20 hours. The discs were rapidly cooled to 

room temperature ina i r or in water when removed from the furnace. 

By sintering the pellets in this temperature region and by 

subsequent rapid cooling the resistivity of the mixed oxides was 

lowered. 

Single Crystal Growth of Doped [ron Oxides 

Sing I e crys ta I s of substi tuted a.-Fe Z03 were prepared by 
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chemical vapor transport using tellurium(IV) tetrachloride as a 

transport agent (Figure 2.3). Approximately one gram of charge 

consisting of FezO] (MCB reagent) with one mole percent of 

elemental dopant (Ge. Mg. Nb. Pb. etc.) was placed in a -5 cm x 13 

mm I.O. silica tube along with 20 mg of Te metal. The tube was 

evacuated to below one micron and backfilled with 400 torr of 

chlorine gas then sealed. An identical procedure was used to 

prepare pure Fe Z03 crystal s for compari son. except that the 

addition of the dopant to the charge was omitted. The tubes were 

p I aced in the zone transport furnace and back transported for 24 

hours from 900°C to 800°C. The charge was then transported for 10 

days. The temperature of the charge zone during transport was 890°C 

and that of the growth zone 780°C. After 10 days the furnace was 

turned off and I eft to coo 1 to room temperature. The tubes were 

then removed from the furnace, opened under vacuum. and the product 

washed with dilute nitric acid. rinsed with water. then dried with 

acetone. The 6 x 5 x mm platelets shown in Figure 2.4 are 

examples of the crystals grown using this technique. Most often the 

platelets had areas of> 30 mm z but were ·.ery thin « mm 

thick.). The face of the crystals. as determined by bulk. x-ray 

diffraction and LEED was the (001) basal plane with a hexagonal 

structure as shown in Figure 5. I. 

Characterization 

Bulk X-ray Diffraction 

Bulk x-ray diffraction analysis served many purposes with both 

the single crystal iron oxides and the mixed phase polycrystalline 

samples. Scans of the single crystals, as grown, were used to 
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determi ne the crysta 1 face ori entation. Subsequently the crysta 1 s 

were crushed and the finely dispersed powder samples analyzed for 

impurities and for d spacings to obtain the lattice parameters of 

the corundum structure. This technique was used primari ly for phase 

identification in the polycrystalline samples with some attempts 

made to quantify the relative amounts of each phase present. 

This bulk x-ray powder diffraction analysis was performed on 

either a Picker or a Siemens model OSOO powder diffractometer 

equipped with a Cu Ka. radiation source. The detection limit of 

the apparatus with this t~chnique is approximately one atomic 

percent. 

X-ray powder patterns were taken in the reg i on between 20° and 

80° 2a. Known standards of commerCially avai lable spinels and 

a.-Fe:03 were used in conjuction with the standardized tables 

(ASTM cards) for positive pt.ise identification. Fast scans were 

carried out USing a scan rate of 6° 2a/min for phase identifica

tion. Slow scans for lattice parameter determination of the single 

crystals were carried out using a scan rate of 0.5° 2a/min. 

Lattice parameters_.were calculo;.ted using a least square.,~ refinement 

technique on a PET Commodore (2001 Series) computer. All cel I 

parameters were calculated using hexagonal indexing. and all 

crystallite directions are with reference to a hexagonal unit cell 

(Figure 2.5), 

Quantitative estimations of the relative amounts of each phase 

present were done using the ratio of the integrated step counted 

intensities of the (220) spinel reflection and the (012) corundum 

reflection (see Figure 2.6). The integrated intensities were taken 
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using a step size of 0.10 29 at 2 seconds per step. The relative 

error in the ratio of integrated intensities is estimated to be 

approximately 207.. The ratios are not corrected for the relative 

intensities of either phase relative to corundum (Al z0 3 ). The 

absolute error of the ratios is not substantial. There is little 

difference between the measured intensities, I(Fe304)/Ico~ 

versus I(Fe203)/Ico~. However, here, the ratios are used for 

comparative purposes only. 

Scanning Electron Microscopy 

The electrode surface morphology was studied with scanning 

electron microscopy carried out on either an AMR <Model 1000) or an 

lSI (Model OS130) microscope with surface magnification factors of 

1000-5000. In addition, simultaneous elemental analysis was carried 

out by x-ray analysis via a Kevex probe. The quantitative limit of 

detection of the probe is about one atomic percent. 

Electrical Properties 

In the earlier work, resistivities were measured as pOint to 

pOint resistances across the surface of the polycrystalline samples. 

Later, the electrical properties of both the polycrystalline and 

s i n9 Ie crys ta I samp I es were measured us i ng the Van der Pauw (REF 

2.8) technique. Contacts to the samples were made using an 

indium-gallium eutectic and the ohmicity of the contact was verified 

by repetitive measurement of the resistivity at several different 

current magnitudes between 10 ~A and 100 mAo The variation of the 

electrical resistivity with temperature was measured using the same 

techniques e~cept that the ohmic contacts were provided by ul tra

sonic soldering of pure indium metal. The carrier type of the 
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materi a 1 was determi ned by qua 1 Hati ve measurement of the Seebeck 

voltage at room temperature. All electrical measurements on the 

single crystal iron oxides were made in the (001) basal plane. 

Magnetic Susceptibility 

In order to check for spinel phase inclusions magnetic prop

erties of ground single crystal powders were investigated using an 

S.H.E. Corporation "SQUID" susceptometer. If Fe l 04 phase 

inclusions were present in these materials a constant and large 

dependence on temperature would be observed. There would be no 

contribution to the magnetic field dependence from Fe Z03 because 

hematite is antiferromagnetically ordered in the temperature domain 

(lOK-200K) studied. The magnetic susceptibility of the samples was 

measured at varying field strengths between 5 and 25 kG in the 

temperature region between 200 K and 10 K to examine the field 

dependence of the sample susceptibi 1ity at va .. ious temperatures. 

DC Photoelectrochemical Measurements 

The electrochemical response of many of these iron oxide 

electrodes was investigated as a function of applied bias (DC> both 

in the dark and under Illumination. 

under potentlodynamic conditions 

DC photocurrents were mea s ured 

(cyclic voltammetry> or steady 

state conditions. The apparatus in which these photoelectrochemical 

experiments were conducted Is shown in Figure 2.7. It consists of a 

standard three electrode electrochemical cell filled with a water 

solution in which the sample. a Pt counter electrode, and a Mercuric 

Oxide Luggin capHlary reference electrode were immersed. The 

electrolyte solutions used in the electrochemical cell were aqueous 

sodium hydroxide and sodium sulfate solutions. The sodium hydroxide 
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solutions were made by diluting a lON concentrated NaOH solution 

(Fisher Scientific Company) with distille~ water. Anhydrous sodium 

sulfate powder (Baker) with a nominal purity of 99.9 percent was 

used to prepare the 0.1 M Na ZS04 solutions. 

Current-vo I tage curves obtained in the dark and under ill umi

nation were obtained using a Pine ROE 3 potentiostat. The 

potentiostat applies a given DC voltage to the working electrode 

(iron oxide sample) with respect to a known reference voltage. The 

reference voltage is determined by the redox potential of the redox 

coup I e for the reference electrode. We have used both a Sa tura ted 

Calomel Electrode (SeE> and a Mercuric Oxide Electrode (HgO). The 

redox couple for the saturated calomel electrode is 

Hg + 2CI-----+ HgCl z ~ 2e-. 

The redox potenthl for this reaction is -0.24 V vs. a normal 

hydrogen electrode (NHE) at pH ,. 0 (assumin~ no liquid junction 

potentials exist between the liquid in the reference electrode and 

the electrochemical solution in the cell). However, since there is 

no dependence on the concentration of OH- or H+ this potential 

does not shift with the pH of the solution, i.e. 

c • CO at all pH's. 

The redox couple for the HgO electrode is 

Hgo + 20H- -----+ Hgz+ + H2 0 (in basic solution). 

The redox potential for this reaction 1s -0.96 V (again assuming no 

liquid junction potentials exist between the liquid in the reference 

electrode and the electrochemical solution in the cell) vs. the 

normal hydrogen electrOde (NHE> i.e. at pH ~ O. Now, assuming that 

this two electron reaction is reversible one can use the Nernst 



equation to calculate the redox potential at different pH's. 

e = eO + 0.59/2 log I/[OH-]2 

= eO + 0.592 log [OH-]. 
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From this it is obvious that the reference potential shifts 59 mV 

per pH unit as is the case for the NHE. Since the hydrogen and oxy

gen redox potentials 1n water also shift 59 mV per pH unit. the same 

I-V curve is obtained in any pH solution when using the HgO refer

ence electrode. This is convenient. since the pH of the solution is 

then irrelevant and need not be measured. It also eliminates errors 

due to changes in the pH of solutions used in separate experiments. 

To connect the polycrystalline samples to the potentiostat a 

Kanthal wire was attached to one side of each sample with Ag epoxy. 

Silicone rubber sealant was used to. insulate the wire and the epo~y 

from the electrolyte solution. Single crystal samples were mounted 

on a copper plate ''lith an indium-g~llium eutectic to prov;de an 

ohmic contact and the copper plate attached to a glass covered 

metallic lead, Again, the entire assembly was insulated with 

silicone rubber sealant. 

Illumination of the sample was accomplished using a 300W or SOOW 

tungsten halogen lamp or a ISOW Xenon arc lamp. The light was 

focused with quartz optics and filtered first through a S cm water 

cell to absorb most of the IR radiation to avoid heating effects, 

then through a Corning 3-72 visible pass filter to screen the UV 

radiation with photons of energy ~ 2.7 eV. After measuring the 

irradiance with a calibrated Epply thermopile detector and taking 

into account the absorption of light by the electrolyte solution and 

the filters, the incoming power of visible light was 37 ~ I mW. 
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The electrochemical cell was also equipped with inlet and outlet 

va 1 ves to permi t o)(ygen or other gases to be purged through the 

solution below the level of the liquid, pass over the sample, and be 

forced out of the cell from above the solution. Gaseous products 

were detected by gas chromatography and quadruple mass spectrometry. 

For the pIn as semb 1 y work. p-type and n-type iron 0)( i de samp 1 es 

were connected by means of a Kantha1 wire and a microammeter (Figure 

2.8) which enabled the measurement of the photoinduced current 

between the samples in addition to measuring the amount of hydrogen 

evolved from the p-type iron oxide. These e)(periments were carried 

out in the same cell as before but without using the potentiostat. 

Blank. e)(periments involving only the electrolyte and a sample holder 

in the cell gave no indication of Hz production either in the dark 

or under illumination. A closed circulation loop containing Ar or 

Nz passed above the solution for transporti ng the 1ases produced 

from the cell to ei ther a gas chromatograph or to a mass 

spectrometer. The gas was circulated by means of a mechanical pump 

fitted with teflon gears . 

. Hz produced in the ce 11 was detected us i ng a Howlett Packard 

5720A gas chromatograph fi tted wi th a therma 1 conducti vi ty detector 

and a molecular sieve SA column. Calibration of the gas 

chromatograph was carried out by injecting small but well defined 

doses of Hz and Oz directly into the ce 11. The detection Ii mi t 

corresponds to a production rate in the ce II of 10. 6 Hz 

molecules/hour. 

Although the detection 1 i mit for Oz is 15 times higher, 

measurements of photoinduced O2 production were more difficult 
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because of high leak rates (on the order of 10 17 O2 molecules/ 

min> into the cell and loop system. In order to combat this problem 

oxygen was detected in our iron oxide electrode system via the 

photoproduction of 340 2 from a 0.01 N NaOH/HzO electrolyte 

solution containing 6% isotopically labelled Hilo (Alpha 

Ventron Distributors>. Gas samples were collected from the gas 

circulation loop and analyzed in an UHV chamber by mass spectral 

analysis. 

Depletion Layer Capacitance Measurements 

In order to construct a solid state energy level diagram of the 

operating short circuited iron oxide assembly. depletion layer 

capacitances were measured as a function of applied voltage. These 

capaci tanee measurements were used to de termi ne the energy I oca t ion 

of the valence band and conduction' band· edg~s to determine the 

depletion layer widths and carrier densities f)r each type of our 

iron oxide semiconductors. 

It can be shown that the amount of adsorbed ionic charge at the 

surface of an electrode in an electrolyte solution depends mainly on 

the composit::.ion of the electrolyte but very little on the excess 

charge on the semiconductor (REF 2.3,2.4>. Consequently. only the 

distribution of the electronic charge in the semiconductor varies 

with applied electrode potenth] and this controls the differential 

capacitance of the interface. In an ideal depletion layer where 

electronic equilibrium is fully established during a periodic cycle 

of the voltage, and in the absence of a charge variation in surface 

states. the measured capacity depends only on the potential drop in 

the space-charge layer. The following equations represent the 
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results for this ideal case (REF 2.9) 

E.1. 

E.2. 

where ~~sc is the potential drop in the space-charge layer of 

the electrode and A~H is the potential drop in the Helmholtz 

double layer. £0 is the permittivity of free space, £ is the 

dielectric constant relative to vacuum of iron oxide. q is the 

charge of an electron, and N is the majority carrier concentration 

per cubic centimeter. 

Equation 1 predicts that a plot of C- 2 versus A~ should give 

a straight line if A~~ remains constant. A~, however, cannot 

be measured directly between two different phases. Electrode 

potentials are mp.asured against a reference electrode which means 

that the sum of two or more electric potential' differences is 

obta i ned .-$i nc£: the potenti a 1 dl fference between the reference 

electrode and the electrolyte is kept constant, the measured 

potential difference v, corresponds to plus a 

constant. V is the electrode potential versus the reversible 

hydrogen ele~trcde. 

E. 3. 

Part of ~~ can, however, be measured absolutely if E. I or 

another relation between Co. rr and ~~~C is valid.. For 

semiconductor electrodes. a situation of particular interest is when 

Aq,<e = O. In this case, no electric field is present inside the 

semiconductor and the potential energy of the electrons, which is 

represented by the pos i tion of the band edges, is constant from the 

bulk up to the surface. This is the flatband situation, and the 
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corresponding electrode potential is called the flatband potential, 

Combining equations E.l. and E.3. gives the Mott-Schottky 

relation (REF 2.10,2.11) 

EA. 

showing that the flatband potential can be determined from capacity 

measurements if a depletion layer is formed. This implies that no 

variation of surface charge occurs in the range of the experiment, 

i.e. that there is no electron flow across the electrode/electrolyte 

interface. 

From these measurements the energy pos i tion of band edges in 

relation to the electrolyte can be obtained. The distance between 

the band edges and the Fermi level in the bulk of a semiconductor 

can be derived from the electron or hole concentration at 

equilibrium conditions. nc or p", if the bandgap and the 

effective densities of states for the conduction band. Ne , and the 

valence band, p v • are known. 

AS derived in the last section 

~ • tv + 1/2 Eg + 1/2 kaT ln~"l E.5. 
nc 

To connect this relation with the electrode potentials, V. measured 

versus a reference electrode, one only has to convert electrode 

potentials into the free energy of electrons at the same 

electrostatic potential. This is obtained from the equation 

E •• -qV + constant~.r E.6. 

where the constant defines the electron in the reference electrode. 

For the standard hydrogen electrode, this constant has a value 

between -4.5 and -4.7 eV (REF 2.12-2.14> (Figure 2.9>' The energy 
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of the Fermi level at the flatband potential is immediately obtained 

by inserting V'b into E.6. One can th~n obtain the position of 

the band edges wi th E. 5 .• ei ther in terms of Fermi energi es, or of 

the corresponding electrode potentials. The electrode configuration 

and the apparatus used for the measurements is identical to that 

used for the three electrode DC photocurrent measurements; a 

standard three electrode e 1 ectrochemi ca I ce 11 conta in i ng a mercury 

oxide reference electrode, a platinum counterelectrode, and a doped 

iron oxide anode or cathode immersed in a O.OIN NaOH solution with 

the addition of a lock-in amplifier. The surface of the platinum 

electrode was large so that its contribution to the capacitance was 

negligible. An AC voltage (amplitude IOmV) with a frequency of 300 

Hz < f < 3 kHz was superposed on the DC vo I tage app lied to the 

working electrode from the Pine ROE potentiostat. Depletion layer 

ca"Jac i tances were extracted from the phase shi ft of the AC current 

out relative to the AC voltage in by use of a PAR model 124A lock-in 

ampl ifier. Corrections were included to eliminate phase shifts 

introduced by the potentiostat and line impedances by rezeroing the 

ph~ses of the AC and DC voltages at each DC voltage applied. Tests 

were performed both in the dark and under illumination of 35 

mW/cm2 intensity focused from a tungsten halogen lamp. 

AC Photocurrent Measurements 

AC nperiments were carried out in order to study the 

photocurrent response of our samples as a function of the depth of 

penetration of the light. Illumination from a Xenon arc lamp was 

pa s sed through an I R f i I ter and a Hea th monoch roma tor before be i n9 

focused with a quartz lens on the sample (Figure 2.10). For AC 
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measurements using monochromatic radiation a Bulova tuning fork 

chopper (model 1400 operating at 150 Hz was mounted at the exit 

slit of the monochromator. The AC photocurrent was detected using a 

PAR model 124 lock-in amplifier equipped with a model 117 preamp 

operating in the differenthl mode. With this method dark currents 

are eliminated since the tuning fork modulates only the light . 

Quantum efficiencies were determined by calculating the number of 

electrons generated in the AC photocurrent per number of photons 

striking the semiconductor surface. The photon flux was measured by 

replacing the sample with a calibrated silicon photodiode. 
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Figure Captions 

Figure 2.1. A schematic representation of the location of the 

chern; ca 1 potent; a 1 (A) in an un doped semi conductor. 

(8) in a heavily doped n-type or p-type semiconductor, 

(C) in heavily doped semiconductors in equilibrium 

with a solution, and (0) in a pIn diode assembly. 

Figure 2.2. Level density for a semiconductor containing both 

donor and acceptor impurities. The donor levels are 

generally close to the bottom of the conduction band 

compared with Eg. while the acceptor levels are 

generally close to the top of the valence band. 

Figure 2.3. PreparaUon of in.·' oxide single crystals by chemical 

vapor transport. Starting materials on the left are 

transported in the gas phase to the cold zone on the 

right. Crystallization of the material occurs as the 

material condenses out of the gas phase. 

Figure 2.4. 

Figure 2.5. 

Photographed Nb-doped t ron ox ide sing 1 e crys ta 1 s 

platelets. 

Model of the corundum crystal structure. Relationship 

of primitive trigonal lattice and its hexagonal 

~ coordinates. 



Figure 2.6. 

Figure 2.7. 

Figure 2.8. 

Figure 2.9. 
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Bulk x-ray diffraction spectral intensities for 

powdered a-Fe z03 samples. 

Three electrode electrochemical cell for simultaneous 

DC photocurrent and gas evolution measurements (top 

view>. 

Apparatus for short circuit assembly photocurrent and 

gas evolution studies (top view>. 

The relationship between the spectroscopic and 

electrochemical energy scales. 

Figu' e 2.10. Apparatus for AC photoelectrochemical measurements. 



..., Vac --., 
.0 
c: 

~ CB 
N 

Ef ---

VB ., 

A 

• 

/ 
~ 

n-type 

PQtype 

B 

pin Diode Assembly 

....... a 
a 
--~ol 

Ci::JE> 
_._.~a ~ 

in equilibrium ~ 
wi th the solution 

....... 

in equilibrium 
with the solution 

c 

/ 
#'101 

p-type solution n-type 

xaL 8S5-6269 

D ~ 
N 



43 

I (,a__ T 

(,U-~~ ____ g(~ _) 

Figure 2.2. 



44 

PREPARATION OF IRON OXIDE SINGLE CRYSTALS 

BY CHEMICAL VAPOR TRANSPORT REACTIONS 
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Figure 2.5. 
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Chapter Three 

Results and Discussion 

Polycrystalline Mg-doped and Si-doped a-Fe2Q3 Iron Oxides 

As stated in the introduction. the initial objective of this 

project was to find a short circuited pin diode assembly to 
., 

photodissociate water to form Hz and Oz which would operate with 

no applied external bias and which would utilize light in the 

visible region of the solar spectrum. This goal was achieved quite 

rapidly. Sintered discs of Si and Mg doped a,-Fe 2 03 gave 

measurable photocurrents (Table I.I) when put in ohmic contact with 

each other to form a short circuited assembly as shown in Figure 1.2. 

The chemical output power of the polycrystalline pin iron oxide 

assembly was calculated from the measured p~otocurrents of our best 

assembly when Illuminated by visible light vlith energy greater than 

2.2 eV. Sa sed on the free energy change when Hz is produced from 

H2 0 the output power is equal to (1.23 x j)lJ~ where is the 

measured photocurrent in JJA. Using 15jJA as the photocurrent 

obtained from our best short circuited assembly and an input power 

of 3SmW. a power conversion efficiency of approximately 0.051. was 

obtained. This would be the power conversion efficiency assuming 

that all electrons which cross the electrode/electrolyte interface 

proceed to reduce hydronium ions to Hz gas molecules. and that 

there are no other reactions and/or corrosion processes occurring. 

With a power conversion efficiency of O.OS'%. this short circuit 

assembly would not provide a practical means of converting solar 

energy to chemical energy. and thus we began our efforts to maximize 
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the power conversion efficiency by varying a number of parameters in 

the electrode preparation procedures and the operating conditions of 

the short circuited assembly. 

The Onset Potential for Photocurrent 

When considering the feasibility of a working short circuited 

assembly an important parameter to consider is the onset potential 

for the production of photocurrent for the isolated electrodes and 

to relate this to the location of the Fermi level of the operating 

short circuited assembly. For our purposes the onset potential has 

been defined as the lowest bias at which a photocurrent of O.5~A/ 

cm2 is observed. 

The onset of photocurrent is directly related to the location of 

the Fermi level in a semiconductor. For a heav i I Y doped 

semiconductor the Fermi level of the semiconductor is located 

approximately 25 mV from the bant. containing the majority carriers. 

Thus for a heav II y doped n-type semi conductor the Fermi 1 eve lis 

located near the conduction band whi Ie for a heavi Iy doped p-type 

semiconductor the Fermi level is located near the valence band. A 

schematic diagram of the Fermi levels and conduction ana valence 

bands using solid state models are shown in Figure 2.1. The 

potential bias at which there Is no depletion layer i.e. no band 

be.nding as shown in Figure 2.IA 1s known as the flatband potential. 

When an additional bias is applied <positive for n-type, negative 

for p-type) which bends the bands and there is no overpotential for 

the redox reaction, current begins to flow. This is the onset of 

photocurrent. 

When the two electrodes are put in ohmic contact with each other 
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and immersed in an electrolyte solution the Fermi levels will become 

equal. This energy level will be the operating potential of the 

assembly. This operating potential of the short circuited assembly 

will be some intermediate value of the open circuit Fermi levels of 

the individual electrodes. The DC photocurrent spectra measured, 

separately for an n-type and a p-type sample are shown in Figure 

3. l. If a photoi nduced current is to occur between an n-type and a 

p-type sample in a short circuit configuration without any applied 

potential. a necessary condition is that the onset potential of the 

n-type sample be less (more cathodic) than that of the p-type sample 

so that the operating potential will be located between the onset 

potentials of the Mg-doped and 5i-doped samples as shown in Figure 

3.1. This produces the correct electric field gradients to drive 

electrons and holes to the surface in the cathode and ~nooe. 

respectivelj', in order for the reduction/oxidation processes to 

proceed. 

The lowest of the two photocurrents at that potential would 

determine the maximum current which could pass in the short 

circuited a~~embly. Therefore it is an advantage to shift the onset 

potentials of the' 51-doped and Mg-doped electrodes to more negative 

and positive potentials, respectively. and to obtain the steepest 

possible rise in photocurrent with increased voltage. We have 

succeeded in shifting the onset potentials of these materials by 

controlling the dopant concentrations and with preoxidation 

treatments. 

Table 3.1 displays the onset potential of Si-doped iron oxides 

in O.OIN and IN NaOH before and after preoxidation treatment as a 
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TABLE 3.1 

Onset Potential (mV, RHE) for Photocurre~t Production of Iron Oxide 

With Different Atomic Fractions of Si 

Onset Potential in Onset Potential After 
Si/(Si + Fe) N NaOH & 0.01 N NaOH Preoxidation Treatment 

(atom t) (~ 25 mV, RHE) (0 2 purging.60°C.1N NaOH) 
(% SO mV. RHE) 

0 725 650 

600 500 

2 600 450 

3 625 475 

5 600 450 

10 650 575 

20 650 600 

50 700 

With Different Atomic Fractions of Mg 

Onset Potential in Onset Potential in 

Mg/(Mg + Fe) 0.01 N NaOH 0.1 M Na ZS04 

(a tom 7.) <7. 50 mV. RHE> ( 7. 50 mV. RHE> 

1000 850 

5 950 825 

10 950 850 

20 725 650 
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function of the atomi c fracti on of Si. The onset potenti a 1 drops 

from 0.725 :: 0.025 V to 0.600 :: 0.025 V (RHO upon introduction 

of atom 1. Si and stays at this value with increasing Si 

concentration. Above 20 atom 1. Si the onset potential rises again. 

Within the error bars, these results hold true in both O.OlN NaOH 

and lN NaOH with a tendency for the onset potential to be slightly 

less in the lN NaOH solution. 

Preoxidizing the n-type iron oxide surface produced still lower 

onset potentials. The preoxidation was accomplished by anodic 

polarization of the sample at potentials above 900 mV (RHO or by 

purging the solution with oxygen at temperatures in the range of 60 

to sooe. With both oxidizing pretreatments a decline in onset 

potential is observed in the range of 100-200 mV for most of the 

Si-doped iron oxides studied. Thus. the combination of Si-doping 

and preoxiaation of the 'ron oxide samples decreases the onset 

potential by lao to 300 mV as compared to undoped n-type iron oxide. 

The beneficial effect of Si-doping on the photoelectrochemical 

behavior of iron oxide is in agreement with previously reported work 

on sintered iron oxides prepared in a simi lar way (REF 3.1). 

Introduction of 1 atom percent of Si increases the conductivity of 

the i ron ox i de by at leas t three orders of magn i tude and a I so 

reduces the onset potential for photocurrent production by more than 

100 mV. Silicon doping levels higher than 5 atom percent seem to 

have no significant beneficial effect. which can at least partly be 

explained by smaller widths of the depletion layer in heavi Iy doped 

semiconductors. In order to utilize the most advantageous onset 

potential and maximize the depletion layer width for better electron 
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hole separation the 2% 5i-doped a-FezOl was used as the 

photoanode in our experiments unless otherwise noted. 

Tab 1 e 3. I a 1 so shows the measured onset potenti a 1 s for 

photocurrent production from iron oxides with varied concentrations 

of Mg doping in O.OlN NaOH and in O.IM Na z504 solutions. In 

both solutions the lower Mg dopant levels give the best results with 

the most cathodic onset potential, whi Ie the 20 percent Mg-doped 

sample exhibits 200-300 mV lower onset potentials. An explanation 

which is similar to that given for the 5i doped electrodes can be 

giv.en for the dependence of the onset potential on Mg-doping levels, 

which is least favorable for the highest Mg dopant concentration. 

The need for high quantum efficiencies and, hence, larger widths of 

the depletion layer would suggest the use of iron oxides with the 

lowest possible dopant levels. 

In addition to the imnortance of the onset potentials of the 

current vol tage curves, the magni tude of the photocurrent at the 

operating potential of the assembly should also be maximized for the 

greatest power conversion efficiency to be achieved. The 

phot(')electrochemical behavior. of n-type Si-doped iron- oxide 

electrodes has been extensively studied. The results reported in 

the literature (REF 3.2-3.10) are in good agreement with each other 

and wi th our observations and therefore these resul ts wi 11 not be 

reported here. These resu I ts show that the hi ghes t effi c i ency 

n-type a-Fe:Ol electrodes are those which are doped 

(particularly with 5i). These n-type electrodes show good stability 

in both basic and acidic solutions (REF 3.11), and give 

photocurrents on the order of hundreds of mA when in an aqueous 
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solution and biased against a Pt counter electrode. With this in 

mind, we have focussed on the Mg-doped material in our short 

circuited assembly. 

The photoac t i v i ty of the p- type i ron ox i de is ma rked 1 y 

influenced by various experimental parameters. These include the 

dopant concentration, sintering temperature, iron oxide surface 

conditions and electrolyte composition. First, results are 

presented of photoactivity differences that were obtained by varying 

the dopant levels of magnesium, altering the sintering temperature 

during preparation, changing the pH of the electrolytic solution, 

and subjecting the samples to oxidative conditions. The results are 

presented in terms of the photocurrents defined as the difference in 

magnitude of the current obtained under illumination and in the 

(ark. The data are plotted in the figures as current densities 

'IJA/cm 2
) against the applied potential voltage with respect to a 

reversible hydrogen electrode (RHE> (see experimental), Dark 

currents are not displayed, but they are smaller and within the same 

order of magnitude as the photocurrents. 

The Influence of Sintering Temperature ~n Mg-Doped Iron Oxide 

In a photovoltaic eel I, a low resistivity of the working 

electrode is of crucial importance. High resistivities may be the 

reason why earlier studies on Mg-doped iron oxide gave no measurable 

photocurrents (REF 3.12). and have been the stumbl ing block for many 

studies on n-type iron oxides. By sintering samples of iron oxide 

with 5 atomic percent Mg (Mg/(Mg + Fe) = 5) at temperatures of 

142S-1480°C and rapidly quenching them in water, surface point to 

point dark resistivities in the range of IOI_lOz Ocm were 
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obtained. When the pellets were cooled to room temperature in air 

the cooling occurred at a slower rate. Much higher sample 

resistivities, on the order of 10 3 _10 5 Ocm, were obtained (see 

Table 3.2>' The same table shows that sintering the pellets at 

temperatures of 1350°C or lower resulted in higher resistivities and 

that the resistivity at a given sintering temperature increased with 

decreasing doping level. Photocurrents from 5 percent Mg-doped 

samples, biased against a Pt electrode and sintered at three 

temperatures. are shown in Figure 3.2. A marked influence of 

s i nteri ng temperature on. photocurrent is observed wi th . the 

photoactivity increasing in the order of 1480°C < 1350°C < 

1425°C. Earlier findings demonstrating that an increase in oxygen 

deficiency with increasing temperature led to an increase in the 

conductivity of FeZ0 1 samples are in qual itative agreement with 

our study <REF 3.13,3.14). 

Sample Morphology and Composition 

X-ray diffraction studies of the ground sintered discs of 

magnesium substituted iron oxides showed the presence of only the 

hexagonal corundum phase of FezO] mixed with a cubic spinel 

phase. It was found that the transformation from the pure Fe:Ol 

corundum phase to the spinel Fe 1 04 occurs abruptly at around 

1375°C. as reported in the literature (REF 3.15). The abruptness of 

this transition is consistent with the known intolerance of 

a-FeZOl for non-stoichiometry. 

Sample characte~ization by means of bulk x-ray analysis, SEM and 

AES show the S i-doped samp I es to be heterogeneous wi th two phases. 

A scanning electron microscopy picture of the surface morphology of 
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TABLE 3.2 

Sample Characterization of Doped Iron Oxides 

Sintered 1350°C. Water Quenched to Room Temperature 

Sample 

atom to 

S i / (S i + Fe) • 1 

S i / (S i + Fe) • 2 

S i / (S i + Fe) • 10 

SlI{Si + Fe) • 20 

Mg/{Mg + Fe) • I 

Mg/{Mg + Fe) ,. 10 

FezO) Matrix 

Type Si~Mg+Fe Si+M9+Fe 

(a'om i.) 

n ~ 1 

n 

n 5-6 

n 7-8 

P ~ 1 

P 6-8 

PreCipitates Resistivity 

Si+Mg+Fe 

(atom i.) 

80-90 

80-90 

90-100 

90-100 

(Q-em) 

10 J 

10 J 

10l-10~ 

10~ 

10 4 _10 5 

10 3 
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a Si doped pellet sintered at 1350°C is shown in Figure 3.3. The 

Si-doped samples are composed of large grains 20 to 30}Jm in width 

which are a Si-doped Fe z03 matrix. Along the grain boundaries 

and on the surface are highly insulating preCipitates comprised of 

mostly Si0 2 as determined by AES (Figure 3.4). The secondary 

electron absorption was monitored on a screen during the Auger 

experiment. The grain boundaries were discernible from the matrix 

due to differences 1n charging of the 5iOz and the Fe z03' 

Doping with Mg gives quite different results. As shown in the 

SEM micrograph (Figure 3.5). there are no prec'ipitates on the 

surface and for the same sintering temperature (1350°C) as the 

n-type materi a 1 the grains are sma 11 er by a factor of 5 or more. 

Although at least 2 structures. spinel and corundum. have been 

detected by bulk x-ray analysis there i s no obvious physical 

separation of the two phases in the Mg-doped sample as seen by 5EM. 

A comparison of 51- Mg-doped samples sintered at 13S0°C and 

1480°C (Figure 3.5) shows that the grains become larger and less 

faceted at the higher temperature, which can be expected as the 

material· begins to melt. The melting temperature of pure 

is 1594°C (REF 3.16>' From simple melting point 

depression with impurity addition to pure a.-FezOl one would 

expect the Mg-doped iron oxides to be near the melting point a.t 

There is also a phase change occurring at the higher 

temperature as is evidenced by bulk. x-ra.y diffraction data. This 

phase change from the corundum to the spinel crystalline structure 

is also observable witn SEM . 

. Theoretically, this increase in grain size would decrease the 
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number of grain boundaries present in the material and 

concommitantly, electron-hole recombination rates since grain 

boundaries and other defects in the structure often act as electron 

hole traps (REF 3.17>. If bulk recombination was a rate limiting 

step for the electrochemical photodissociation of water using these 

iron oxide electrodes, then the photocurrents should show a rise 

with an increase in the grain size of the sintered pellets. Our 

photocurrent measurements show that i ncreas i ng the s; nter; ng 

temperature by lS0odur; ng the preparation of the doped i ron ox ide 

discs resulted in significantly higher photocurrents (Figure 3.2). 

However, since both the grain size and the concentration of 

Fe)04 Increased simultaneously the increased photoeffect cannot 

be attributed solely to one of these factors. 

Composition as a Function of 5intering Temperature and Dopant 

Concentrations 

Not only is the formation of the spinel phase directly related 

to the s; n ter i ng temperature. but it can a 1 so be con tro 11 ed by the 

amount of MgO present in the mixture. When magnesium oxide is 

sintered together with pure a-FezOl powder the formation of a 

spinel phase occurs at lower temperatures than when pure 

a-FezOl is sintered. 

Table 3.3 presents the uncorrected integrated intenSity ratios 

of the spinel (220) reflection to the (012) FeZOl corundum 

reflection from bulk x-ray diffraction data for four iron oxide 

pellets containing varying amounts of Mg. The pellets were sintered 

at 13S0°C which is below the temperature at which the spinel phase 

forms in pure a-Fe!Ol (Figure 3.6). The (220) to (012) ratio 
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TABLE 3.3 

Correlation of Spinel Phase Content and Resistivity 

with Varied MgO Concentration in a-Fe2Ql~ 

Te~perature = l350°C for 20 Hours 

Initial Composition 

Mol e t Mg 

0.0 

~.O 

5.0 

10.0 

o 

0.4 

0.6 

1.0 

Resistivity <Oem) 

300 K 

3600 

100 

8 
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is an indication of the relative concentrations of the spinel and 

corundum phases in the ceramic discs. It is evident that the 

addition of magnesium oxide to the iron oxide mixture enhances the 

formation of the spinel phase at a lower temperature. 

Kuczynski (REF 3.18) investigated the mechanism of the formation 

of MgFe z04 from the binary oxides and has suggested that the 

formation of the spinel occurs by diffusion of cations across grain 

boundaries. At high temperatures oxygen is lost from Fe Z03 and 

exchange of Fez> and Mg.!· can occur by diffusion, resulting in a 

spinel phase. Further diffusion of Mgz> will eventually result in 

the formation of the pure spinel. In the present case, it is likely 

that even in the initial spinel, MgFe z04. further cation 

exchange takes place so that the solid solution Fe3_.Mg.04 is 

formed. This would explain the large amounts of spinel formed at 

tempera tures be low the corundum to spi ne I tran s i ti on temperature of 

FezO] in mixtures containing only a small amount of magnesium 

oxide. (lOt or less). 

Electrical Properties Governed by Sintering Temperature and Dopant 

Concentrations -, .. ..;:..;:;..;..;...;:..;....=..;:....;..;;...;..;..:;. 

Table 3.3 also presents the room temperature electrical 

properties of the same ceramic discs. In all cases qualitative 

Seebeck voltage measurements indicated that the materials were 

n-type semi conductors. as wou I d be expected from the phases 

present. Figure 3.7 shows a graph of electrical resistivity versus 

Sintering temperature at constant preparative conditions. A graph 

constant concentration is also plotted on the same axis. There is 
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an obvious correlation between the amount of spinel present and the 

electrical resistivity of the samples. An increase in the amount of 

spinel present lowers the resistivity (REF 3.19). 

The evolution of the electrical resistivity with composition, 

coupled with the carrier type, suggests that electrical conduction 

in these materials may occur through a percolation of carriers 

provided by the spinel phase inclusions, because a-Fe z03 is a 

high resistivity material while Fe]04 is a semimetal at room 

temperature (REF 3.20). 

Photocurrent Response to Variations in Mg Dopant Levels 

Four oxides were prepa-red and studied under identical conditions 

except that the atomic percent of magnesium (Mg/(Mg + Fe) was 

a I tered between I. 5. lO and 20 percent. The effect of these 

different Mg-doping l~vels on the photocurrenr response of the 

samples is illustrated in Figure 3.8 for O.OlN NaOH and in Figure 

3.9 for O.IM Na zS04. In both solut10ns the higher doping levels 

<10-20 atom percent) result in higher p-type photocurrents at more 

cathodic applied potentia-Is. This increase can probably be 

attributed at least in part to lower resistivities with increased 

Mg-doping levels. 

Photocurrents measured in an O.OIN NaOH electrolyte solution are 

shown in Figure 3.8. The samples doped with 5 and 10 percent Mg 

have an onset potential of 950 = 50 mV vs. RHE and exhibit 

photocurrents which increase monotonically with a more cathodic 

appl ied Dotential. The 20 percent doped oxide has an onset 

potential approximately 125 mV more negative than for samples with 5 

and 10 percent doping levels but the photocurrent rises steeply so 
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that 5, 10, and 20 percent doping levels differ only slightly once 

very cathodic potentials are reached (100-200 mV vs RHE). The 

photocurrents when on 1 y 1 percent magnes i urn dop i ng was used are 

quite low and correspondingly the resistivity of the sample was 

quite high. The same study carried out in a 0.1 M Na 2 S04 

solution <Figure 3.9) yielded qualitatively identical results 

although the magnitudes of the current densities were somewhat 

higher. 

As seen in Figures 3.8 and 3.9, the onset potential for p-type 

photocurrent production is higher (more anodi c). the lower the Mg 

doping levels are (see Table 3.1>. Traditionally, this behavior is 

qualitatively explained by the variation of the width of the space 

charge region which decreases with increasing doping level. Because 

we have no direct proof of Mg substitution into the iron oxide 

lattice it is difficult to interpret these results using this 

argument based on doping. However, the increase in the semimetal, 

Fe)04, concentration as described earlier would also decrease 

the depletion layer width. 

The Effect of Oxygen Purging of the Electrolyte Solution on the 

Photocurrent. 

It was observed that purging the electrolyte wi th oxygen gas 

increases the photocurrents and the dark currents of the p-type iron 

ox i de samp 1 es. The effect of oxygen purgi ng for 5 mi nutes is seen 

in Figure 3.10 for the same Mg-doped iron oxide discs as shown in 

Figure 3.2. Before oxygen purging there is a wide variation in the 

photocurrents of samples sintered at the three different 

temperatures of 1350°C, 1425°C. and 1480°C. After oxygen purging 
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the photocurrents are higher in magnitude and the photoactiv;ty of 

a 11 three samples appears to be very_ s; mi 1 ar. Although the 

photocurrent of the l3s0°C sintered sample after oxygen purging is 

slightly lower than the photocurrents _ of the samples sintered at 

1425°C and 1480°C. it should be noted that the surface resistivities 

of the 1425°C and 1480°C sintered samples were the same (50 Ocm) 

within experimental accuracy, while that of the 1350°C sintered 

sample was higher (5000 Ocm). 

pH Dependence of the Photocurrents. 

Figure 3.11 depicts the results of measurements taken from a 

single p-type iron oxide samlJle in electrolytic solutions of IN, 

lO-zN and 10- 4 N NaOH . The largest photocurrents were obtained 

in the lO-zN solution with slightly lower values in the IN 

solution. The photoactivity in lO-4N NaOH was low and relatively 

constant even when extensively polarized. 

While n-type iron oxide (REF 3.21) and SrTi0 3 (REF 3.22) show 

a monotonic increase in photoactivity with the pH of the NaOH 

so 1 uti ons the pH dependence of the photoacti vi ty for p-type iron 

o)(ide is different. As illustrated in Figure 3.11 the photocurrent 

for the same Mg-doped sample was highest in 0.01 N NaOH and 

significantly lower in less basic and in more basic NaOH solutions. 

Assuming simple H·/OW equilibria at the iron oxide surface the 

pH of the solution should have no effect on band bending or other 

thermodynamic criteria required for efficient photoelectrolysis of 

water. This has been verified on a number of oxide photoanodes (REF 

3.23). The strong pH dependence on the photoactivity of n-type 

SrTiOl has been suggested to be due to the involvement of hydroxide 
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ions in a rate-limiting step, such as the formation of surface 

hydroxyl groups, which act as hole acceptors and thereby decrease 

the probability of electron-hole recombination (REF 3.24), Similar 

arguments on p-type photocathodes would imply that a larger surface 

concentration of hydrogen ions acting as electron acceptors could 

also decrease the probability of electron-hole recombination. The 

higher resistivity of the lower pH solution may be why significantly 

lower photocurrents were observed in the lO-4N NaOH solution. 

Stability of the Photocurrents of the Mg-doped Iron Oxide Samples 

The stability of the electrodes 1s a rather controversial and 

complicated topic to address. Mixed and inconsistent results have 

been obtained depending on the conditions under which the electrodes 

were tested. During prolonged cathodic polarization on the order of 

10 hours, the photocurrents of Mg-doped samples showed no measurable 

alteratiol •. Visual inspection of the iron oxide cathodes after the 

electrochemical measurements in the aqueous solutions of different 

pH in the range of 6 to 14 showed no signs of corrosion. In fact. 

the photocurrents of a 5 atom percent Mg-doped sample polarized at 

600 mV (RHO in the O.OlN NaOH solution increased over an 8 hour 

period by 50 percent (Figure 3.12) and in the 0.1 M Na z S0 4 

solution by 30 percent during the same time span. 

The stab iIi ty of these Mg-doped e 1 ec trodes was a I so exami ned 

while cycling the potential bias on the electrode between +400 V and 

-90U V vs. an HgO electrode. Subjected to these conditions, the 

Mg-doped samples do not show strong stabil ity. Figure 3.13 provides 

an example of thi evolution of a typical cyclic voltammogram 

obtained by cycling a Mg-doped iron oxide electrode for several 
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days. After several days of cycling the dark currents decreased and 

the photoeffect disappeared. This result coupled with the gradual 

increase in photocurrents observed under ca thod i c bi as are 

understandable in view of the preparative conditions for producing 

the pellets. From the bulk x-ray diffraction data, it is evident 

that the a.-Fe Z03 ;s reduced during the sintering at high 

temperature and that the rapid quenching of the pellets in water 

upon removal from the furnace "freezes" in the oxygen deficiencies. 

From the cyclic vol tammograms , it appears that under anodic 

polarization the electrodes are irreversibly oxidized, whi 1e under 

cathodic bias the electrode reduction is enhanced. A second 

observa ti on of the cyc 1 i c vo' tammograms is a I so worthy of 

discussion, and that is the presence of large dark currents in the 

cathodic region of the I-V curve. ~hereas photoe1ectrochemical 

measurements gave very low dark currents (below 10 ~/cm2 at the 

highest potentials investigated) for Si-doped iron oxides, 

corresponding measurements on Mg-doped iron oxides showed much 

higher dark currents, around 100 ~/cm2 at the lowest potentials 

investigated. 

A typical I-V curve for a good p-type electrode exhibiting diode 

characteristics is shown in Figure 3.14. The dark current is 

essentially zero in the anodic region until at very positive bias 

the diode break s down and oxygen is evolved in the dark, 

Contrastingly. in the cathodic region even with large pos,itive 

vo I tages app 1 i ed to the ea thode no currents are observed, Under 

illumination, the results are just the opposite with the photo

currents being observed in the cathodic· region and no currents 
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being passed in the anodic region. 

A comparison of the cyclic voltammogram taken from one of the 

polycrystalline Mg-doped iron oxides (Figure 3.13) with the diode 

voltammogram shows an obvious contrast. The dark currents from the 

polycrystalline discs are reminiscent of an n-type rather than a 

p-type diode, yet photocurrents are also generated in the 

cathodically biased region. Normally, such behavior in the dark 

would be considered indicative of a corrosion reaction on a 

cathode. However. since the Mg-doped discs are inhomogeneous 

multiphase materials conSisting primarily of n-type a-Fe Z03 it 

may be possible to rationalize the presence of cathodic dark 

currents and the apparent lack of corrosion using alternative 

arguments. The inhomogeneity of the material would allow for grains 

of doped or reduced· iron oxide which exhibit cathode behavior to 

coexist with the primarily n-type bulk of a-Fe z03. This 

mixture would allow for both n-type and p-type dark and 

photocurrents to be observed and would also explain why the observed 

currents vary from sample to sample. 

From these results and arguments it is evident that these 

polycrystal line Mg-doped iron oxide pellets are not true p-type 

diodes. Nonetheless. they do act as cathodes under biased 

conditions and function as a photocathode for the production of Hz 

in a short circuited assembly with an n-type 5i-doped iron oxide 

anode. Operation of the short circuited assembly can be maintained 

with as much as 20 ~ of photocurrent for long periods of time. 

The lack of corrosion of these materials is consistent with reports 

by other workers (REF 3.11). 
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In the past transition metal catalysts such as Pt have been 

deposited on other materials <InP) (REF 3.25). SrTi0 3 (REF 3.26) 

to aid the progress of electrochemical reactions. It is believed 

that Pt aids hydrogen atom recombination and facilitates the 

desorpti on of Hz from surfaces. Pt a 1 so reduces the recomb ina ti on 

rate of electrons and holes by the formation of an accumulation 

layer in the semiconductor at the metal interface and therefore 

accelerates the W reduction reaction in addition to the H atom 

recombination catalysis (REF 3.27>. ~e have deposited Pt in 

submonolayer amounts and to thicknesses> 20 nm on the iron oxides 

but only small beneficial effects were observed (-2010 increases in 

photocurrents) as shown in Figure 3.15. In fact, when Pt was 

depOSited in the form of a grid over the p-type iron oxide surface 

the photocurrent and the hydrogen production rate deteriorated. 

Pre:umably Pt blocked the activ~ sites on the surface. 
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Figure Captions 

Figure 3.1. Photocurrent vs. applied voltage for Si-doped and 

Mg-doped electrodes against a Pt counterelectrode. 

Fi gure 3.2. DC photocurrents from Mg-doped i ron ox ide electrodes 

sintered at 1350°C. 1425°C. and 1480°C. 

Figure 3.3. Scanning electron microscopy photographs of n-type 

Si-doped iron oxide (left) and Mg-doped iron oxide 

(right). The dopant levels are Si/(Si ... Fe) = 2 atom 

percent and Mg/(Mg + Fe) = 1 atom percent. 

Figure 3.4. Auger electron spectra of Si-doped iron oxide 

comparing the Si rich gl,lin boundaries and the iron 

oxide matrix as seen in Figure 3.3 (left). 

Figure 3.5. Scanning el~'dron microscopy photographs of sintered 

and water quenched p~type ;ron oxide with Mg/(Mg ... Fe) 

.. 5 a tom percent. S t nterl n9 temperatures 13S0°C 

(left) and l480°C (right). 

Figure 3.6. Iron-oxygen phase diagram. 

F ; g u r e 3. 7 . E I e c t r ; cal res ; s t i v ; t y v S . sin t e r i n g temp era t u rea n d 

spinel concentration for Mg-doped electrodes. 
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Figure 3.8. Photocurrent density as a function of electrode 

potential for various Mg-doped iron oxides in 0.01 N 

NaOH. 

Figure 3.9. Photocurrent density as a function of electrode 

potential for various Mg-doped iron oxides in 0.1 M 

Na zS04' 

Figure 3.10. Photocurrent density after oxygen purging of a 0.01 N 

NaOH solution for various sintering temperatures. 

Mg/(Mg + Fe) a 5 atom percent. 

Figure 3.11. Photocurrent 

potential 

density as 

for various 

a function of 

concentrations 

solutions. Mg/(Mg + Fe) a 5 atom percent. 

electrode 

of NaOH 

Figure 3.12. DC currents with chopped light as a function of time 

from a Mg-doped iron oxide electrodes. 

Figure 3.13. Typical cycled voltammetrlc curves obtained from a 

Mg-doped iron oxide electrode. 

Figure 3.14. Perfect example of a cyclic voltammogram obtained from 

a pure p-type diode. 

Figure 3.15. Observed DC photocurrents from Mg-doped iron oxide 

electrodes with and without Pt deposited on the 

surface. 
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Chapter Four 

A Short Circuited Iron Oxide Assembly for the Photodissociation of 

Water 

Sintered discs of Si- and Mg-doped ~-Fe203 gave measurable 

photocurrents when put in ohm; c contact wi th each other to form a 

short circuited assembly as shown in Figure 1.2. The chemical 

output power of the polycrystalline pin iron oxide assembly was 

calculated from the measured photocurrents of our best assembly when 

illuminated by visible light with energy greater than 2.2 eV. Based 

on the free energy change when H~ is produced from H20 the 

output power is equa 1 to (1.23 x i )~W where is the measured 

photocurrent in ~. Using 15~A/cmz as the photocurrent 

density obtained from our best short circuited assembly and an input 

power of 3~mW. a power conversion efficiency of approximately O.OS% 

was obtained. This would be the power conversion efficiency 

assuming that all electrons which cross the electrode/electrolyte 

interface proceed to reduce hydronium ions to Hz gas molecules, 

and that there are no other reactions. 

With a power conversion efficiency of O.OS7. this short circuit 

assembly would not provide a practical means of converting solar 

energy to chemical energy, and thus we began our efforts to maximize 

the power conversion efficiency by varying a number of parameters in 

the electrode preparation procedures and the operating conditions of 

the short circuited assembly. 

If a photo; nduced current ; s to occur between an n-type and a 

p-type sample in a short circuit configuration without any applied 
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potential, a necessary condition is that the onset potential of the 

n-type sample be less (more cathodic) than that of the p-type sample 

so that the operating potential will be located between the onset 

potentials of the Mg-doped and Si-doped samples as shown in Figure 

3. 1 . When the two electrodes are put in ohmi c contact wi th each 

other and immersed in an electrolyte solution the Fermi levels will 

become equa 1 to each other and to the chemi ca 1 potenti a 1 of the 

solution as demonstrated in Figure 2.1. This will be the operating 

potential of the assembly. Also shown in Figure 2.1 is the 

production of a depletion layer and an accumulation layer in the 

n-type and p-type electrodes respectively when they are immersed in 

the aqueous solution. This produces the correct electric field 

gradients to drive electrons and holes to the surface in the cathode 

and anode, respectively, in order for the reduction/oxidation 

process to proceed. 

We have reported the successful photodissociation of water in an 

unbiased pin assembly consisting of doped iron oxides. In this 

assembly, a Mg-doped and a Si-doped iron oxide electrode acted as a 

photocathode and photoanode, respectively, for the reduction and 

oxidation of water. The spontaneous occurrence of these two 

processes under illumination is thermodynamically feasibly only with 

the proper positioning of the conduction and valence band edges with 

respect to the redox couples in the electrolyte solution. The 

reduction of hydronium ions to hydrogen molecules is mediated by 

electrons from the conduction band of the photocathode, Therefore, d 

necessary condition for hydrogen production is that the conduction 

band edge of the Mg-doped iron oxide must lie at a potential more 
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negative than the hydrogen redox couple (0 V, RHE)' Concommitantly. 

electron vacancies oxidizing hydroxyl ions move spontaneously toward 

lower potentials. Thus, for water oxidation to occur, the valence 

band edge for the n-type semi conductor mus t be more pos it i ve than 

the standard potential for water oxidation (1.23 V, RHE). Locations 

of the band edges for the Mg-doped and Si-doped iron oxide 

electrodes 'were determined in order to check that these criteria 

were satisfied in our iron oxide based system. 

Depletion Layer Capacitance Measurements 

Oep 1 et i on 1 ayer capac i tance measurements were made to determi ne 

the band edge locations of both electrodes with respect to the 

solution redox couples and to each other. The capacitance of the 

semi conductor space charge 1 ayer (C s c) changes wi th app 1 i ed 

potential (Va) according to the Mott-Schottky relation (REF 

4.1,4.2) 

l/C;c "" 2(qccoA~N)-'(Vt - Vro) 

where t: is the semiconductor dielectric constant. A is the 

electrode surface area. N is the donor or acceptor dens i ty. and 

V (II is the pos i ti on of the Fermi 1 eve 1 when there is no band 

bending. 

Capac i tances were determi ned independent 1 y for the Mg-doped and 

the 51-doped iron oxide electrodes in 0.01 N NaOHsolution against a 

Pt countere 1 ectrode. Measurements were made at a frequency of 1.5 

kHz using a Pine ROE potentiostat. PAR model 124A lock-in 

ampl ifier. and a mercury oxide reference electrOde. In Figure 4.1. 

the inverse square of the space charge capacitance (l/C: c ) i~ 

plotted against the applied voltage (V,) with respect to the 
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reversible hydrogen electrode (RHE) for each of the electrodes. For 

heavily doped n-type semiconductors, the flatband is nearly 

coincident with the conduction band edge (E c - Vrb = 200 mV, 

RHE). Conversely, for a heavily doped p-type semiconductor the 

flatband lies very close to the valence band edge (Ell - Vrb = 

2300 mV, RHE). By using a known value for the Fe z03 bandgap 

<2.3 eV) and flatband potentials from the Mott-Schottky 

measurements. one can construct an energy level diagram for the 

short-circuited doped iron oxide assembly. This is shown in Figure 

4.2. 

Separate measurements in which the Fermi level of the electrode 

assembly was measured against a mercury oxide reference electrode 

USing a high impedance voltmeter have shown that the operating 

potential of the short circuited assembly with respect to a 

reversible hydrogen electrode is 750 ~ 50 .. lV. Combining the band 

edge location and the operating potential of the assembly the amount 

of band bending of the assembly is also known. This information has 

been included in Figure 4.2. 

From Figure 4.2, the operating details of the short-circuited 

pIn assembly are evident. Upon Illumination of both electrodes by 

bandgap radiation (hv > 2.3 eV>, electron-hole 'pairs are 

produced in both the n-type and p-type electrodes. In the n-type 

material. holes driven toward the electrode/electrolyte interface 

mediate the conversion of OW ·ions in solution to O~ gas. 

Electrons driven toward the surface of the p-type electrode reduce 

W ions to Hz gas. At both eiectrodes. majority carriers 

diffuse away from the surface to contribute to the observea 
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photocurrents. 

The va 1 ence band of the Mg-doped electrode and the conducti on 

band of the Si-doped electrode with respect to the redox couples in 

solution (W·/H z and Oz/OH-) are positioned at energies such 

that the simultaneous evolution of Hz and Oz is thermodynam

ically feasible. By meeting these basic thermodynamic criteria, it 

is evident that an illuminated short circuited iron oxide assembly 

can photodissociate water without an external bias. It is par

ticularly interesting that the conduction band of the Mg-doped iron 

oxide appears to be shifted cathodically with respect to the n-type 

electrode. It has been known for some time that iron oxides could 

be used for the oxidation of water (REF 4.3 - 4.5), however. the 

reduction of hydronium ions using iron oxide has not been reported 

in the past. 

The cathodic shift of the conduction and valence band edges of 

the p-type iron oxide relative to the n-type electrode may be due to 

the effect of substituting Mg for iron in the iron oxide lattice. or 

by the presence of Fe)O.a in the lattice. A conduction band edge 

shift with the substitution of Mg Z
- for Fe 1

• can be explained 

using the following arguments of Butler and Ginley (REF 4.6). 

Butler and Ginley have proposed a model from experimental data 

conducted on trinary iron oxide systems in which the electron 

affinity of a composite system was calculated using the geometric 

mean of the electron affinities of the constituent atoms. Thus 

substitution of Mg dopant atoms (E.A. '" 1.2 eV) with an electron 

affinity less than that of the iron atoms (E.A. :I 1.7 eV) in the 

iron oxide lattice would lower the effective electron affinity of 

'. 
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the semiconductor (Figure 4.3) and shift the band edges toward more 

cathodic potentials. Doping with 5i should shift the band edges of 

FezO] in the opposite direction, if at all, since the electron 

affinity of 5i (E.A. = 1.8 eV) is very similar to that of iron. 

Other factors such as the presence of surface recombination centers 

(REF 4.7>, chemisorption of ions causing changes in the Helmholtz 

layer (REF 4.8) or the oxidation state of the cation in the 

semiconductor (REF 4.9> should be included for a more accurate 

prediction of the band edge and Fermi level locations. 

On the other hand, the role of the Mg may solely be to initiate 

the formation of the spinel phase at lower temperatures. The 

existence of the spinel structure in the a.-FezO) corundum 

structure does enhance the photocatalytic reactivity for water 

photodissociation. Using the band level diagrams shown by 

Goodenough for a.-FezOJ (REF 4.10) and Fe)04 (REF 4.11), 

combined wi th optical absorption spectra (REF 4.12.4.13) and 

theoretical calculations (REF 4.14>. one can see that the conduction 

band of Fe)O .. I ies more cathodic (-0.5 eV> than the conduction 

band of a.-Fe=Ol assuming that the valence band (0 2p orbitals> 

edges of a.-FezOJ and Fe)04 1 fe at the same energy when 

immersed in an aqueous NaOH solution (Figure 4.4>. This is a very 

good assumption (REF 4.15.4.16>,. Thus. the inclusion of the 

Fe)04 spinel phase in the a.-FeZOl corundum structure pro

vides the existence of molecular orbitals at an energy more negative 

than the hydrogen redox potential on an electrochemical energy 

scale. The fact that the bandgap of Fe 1 04 is only O. I eV is 

irrelevant as long as the electron hole pairs are created in the 
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a-Fe Z03 matrix, with the subsequent excitation of the electron 

from the a-Fe Z03 conduction band to the Fe)04 conduction 

band. This requires 0.5 eV in addition to the bandgap energy of the 

a-Fe Z03 (Z.2 eV). Measurements taken of the cathodi c 

photocurrents from the Mg~doped electrodes with different wavelength 

cutoffs for the illumination source support this argument. In 

Figure 4.5 the measured cathodic photocurrents as a function of 

wavelength of the light are shown. There is an obvious increase in 

the cathodic photocurrents when light up to 2.7 eV is allowed to 

illuminate the electrode. This is exactly the bandgap energy plus 

0.5 eV. The inclusion of Fe 304 in the a.-Fe Z 03 matrix also 

serves to increase the conductivity of the electrons from the bulk 

to the surface of the electrode. rhe intrinsic resistivity of pure 

a-FezO] is 10 6 Ocm. while Fe]04 is a semimetal. 

The alignment of semiconductor band edges relatlve to gas 

evolution redox potentials is critical. Holes at the n-type 

interface must arrive at a potential anodic of the Oz/OH- half 

reaction. As seen from Figure 4.2. this energy requirement is 

satisfied with more than 1.2 eV to spare. Conversely. electrons 

must arrive at the p-type electrolyte interface at a potential equal 

to or cathodic of the H·/H z redox couple. As explained above, 

the origin of the electric field which drives electrons to the 

surface of the Mg-doped electrodes is not fully understood. It has 

been shown that the flatband potentials of the bulky electrodes of 

a-Fe:O] are more positive than the W/H: level (REF 4.17) 

even in the cases of doped materials (REF 4.18-4.22>. From the 

Mott-Shottky (within the accuracy of our measurements>, or the 



energetic diagram described above, it appears 

reach the solution from the Mg-doped 

electrodes with enough energy to drive the 
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that electrons do 

(Fe 3 04 containing) 

hydrogen reduction 

reaction. but wi th scarce I y enough energy. Therefore. if there is 

any activation energy barrier for the reduction process. the 

electrons coming from the Mg-doped a-Fe 2 03 conduction band 

must tunnel through this barrier. The probabilities for electron 

tunneling through an energy barrier are very low. which may be a 

major factor in limiting the output power of this short circuited 

device. 

Once the flatband potentials and the operating voltage of the 

short circuited assembly have been determined one can also extract 

many other valuable parameters from the energy level diagram and the 

Mott-Schottky plots leading to information which will help in 

evaluating the functional characteristics of the assembly. Since 

the s lope of the Mutt-Schottky plots is given by s = 

one can extract donor or acceptor 

concentrations for these semiconductor materials. Using a measured 

value of A .. 6 cm':: for the electrodes and the dielectric constant 

for a-FezO] of c • 100 (REF 4.23), the acceptor density was 

calculated to be N ... 5 X 10 16 cm-] for the Mg-doped samples 

while the donor density for the 5i-doped electrodes is N_ = 2 x 

10 1
• cm-). Due to a cons i derab I e uncerta i nty in surface area 

determinations for these polycrystalline samples. charge carrier 

densities are reliable within an order of magnitude at best. Using 

these charge carrier concentrations from the Mott-Schottky plots and 

band bending values (V bD ) from Figure 4.2, depletion layer widths 
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were also calculated. With Wo = (2&c o Vbb /qN)1/2, the 

depletion layer widths in an operating pIn assembly for the p-type 

and n-type electrodes are approximately 500~ and SOOOA 

respectively. As was discussed in the section on doping, changing 

the amount of dopant added alters the carrier concentrations and 

hence the depletion layer widths. The width of the depletion layer 

is very important. The electrodes are illuminated at the surface 

and one wants to maximize the number of photons creating electron 

hole pairs. A small dopant concentration increases the width of the 

depletion layer and enhances electron-hole separation without 

wasting any of the incident photons. Maximized utilization of light 

for different widths of the depletion layer in a doped semiconductor 

is exemplified in Figure 4.6. Higher dopant levels decrease the 

space charge layer but also decrease the resistivity of the iron 

oxide. This is very important since the magr.itude of the currents 

passed in these assemblies in on the order of 10-6A. An 

additional consideration is the onset potentials of the electrodes. 

Again, if a photoinduced current is to flow between an n-type and a 

p-type sample in a short circuit configuration without any applied 

potential. a necessary condition is that the onset potential of the 

n-type sample be less (more cathodic) than that of the p-type 

sample, and that they be separated as much as possible in order to 

obtain the highest photocurrent between the two electrodes. 

The lowest of the two photocurrents at that potential. would 

determine the maximum current which could pass in the short 

circuited assembly. iherefore it is an advantage to shift the onset 

potentials of the 5i-doped and Mg-doped electrodes to the most 
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negative and positive potentials, respectively. and to obtain the 

steepest rising and highest magnitude photocurrent possible in the 

assembly. 

Taking into account the need for a low cell resistivity and 

using the data for the onset potentialls of Mg-doped and Si-doped 

electrodes as well as considering light absorption, it is obvious 

that some intermediate dopant level should be used to satisfy all of 

these criteria as well as possible. These arguments support our 

finding of higher photocurrents in a short circuited assembly for 

samples doped with 5 and 10 atomic percent Mg than for samples doped 

with land 20 atomic percent Mg against the same two percent Si 

doped samp 1 e (Tab 1 e 1. 1 ) . 

The resu 1 ts from the Mott-Schottky data and the energy 1 eve 1 

diagram are tabulated in Table 4.1 along with a summ~ry of f1atband 

pot~ntia1s. charge 'carrier concentrations. and band edge locations 

for both the Mg-doped and Si-doped electrodes. The results for the 

Mg-doped electrode shoul d be cons i dered carefu 11 y. AMott-Schottky 

plot is only valid when the data are accumulated during a static 

measurement. not a dynamic one. However. in this system. the 

Mg-doped electrodes contain Fe)04 which permits the flow of 

electrons across the electrode/electrolyte interface as the 

potential on the electrode is varied. This causes a depletion of 

the charge in the capacitance layer of the electrode. The 

Mott-Schottky plot which is given as a figure is one of the few 

plots obtained from the Mg-doped materials which contained a 

reasonably linear region and which did not have a slope indicative 

of an n-type electrode. 
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TABLE 4.1 

Conduction band 
edge 

Valence band edge 

Band bending 

Majori t Y carrier 
conce ntrotion 

Depletion layer 
width 

p-type iron oxide n-type iron oxide 

-OmV -200mV 

'" 2300 mV -- 2500 mV 

.-v1550mV ;"'S50mV 

o 0 

-5000 A -. 500 A 

X 8L 836 - ~ 786 
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The Production of Hz and Oz Gases From the Short Circuited 

Assembly. 

Both hydrogen and oxygen gases have been detected from a short 

circuited assembly consisting of a 5% Mg-doped and a 2% Si-doped 

iron oxide electrode. The photocurrents measured from assemblies 

containing identically prepared electrodes varies from 2-15lJA. 

Table 1.1 shows the photocurrent and measured hydrogen production 

from these assemblies. The best results were obtained from the 

Mg-doped samples with intermediate dopant concentrations. The most 

important fact contained in Table 1.1 is that illumination of both 

the p-type and the n-type electrode produces photocurrents which are 

greater in magnitude than the sum of the photocurrents obtained by 

illuminating the electrodes individually. Using the energy level 

diagram <Figure 4.2> one can see that the simultaneous 

photogeneration of electron/hole pairs in both of the semiconductors 

should be required for the photoelectrochemical oxidation and 

reduction processes to occur. 

Hydrogen was measured from the assemblies by two methods. 

Originally the solutions were injected with H: to saturate the 

solution with hydrogen. With the low production rates of Hz from 

the assembly. the time required to saturate the amount of solution 

used in the experiment with Hz would have made the experiment 

impOSSible. Gas samples were taken from the system and analyzed in 

a gas chromatograph wi th attempts made to subtrac t the background 

from the injected Hz gas which slowly diffused out of the 

solution. The background Hz curve is shown in Figure 4.7. The 

amount of hydrogen produced from the short circuited assembly was so 
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small compared to the magnitude of the background that the original 

measurements contain a large amount of e.rror. Thus, the originally 

reported one to one correlation of integrated photocurrents and 

detected hydrogen are not accurate. 

Subsequently. a gas cell was designed with a much smaller volume 

of water so that the calculated time required to saturate the 

solution was very short. For these experiments the water solution 

was deaerated by bubbling the solution with nitrogen. A gas loop 

above the sample cell was filled with Nz at the onset of the 

experiment and then closed off and circulated with a small 

mechanical pump fitted with teflon gears. The results of this 

experiment are shown in Figure 4.8 as a plot of the H2 gas 

detected with time. The photocurrent was 8~ throughout the 

entire experiment. After two days of irradiation the first evidence 

of hydrogen production was seen. For the next 30 hours the hydrogen 

production rate continued to rise. at which point it began to 

decl ine. The photocurrents continued to be constant. Since the 

oxygen peak appears just after the hydrogen peak with d. molecular 

sieve SA col umn it wa s a I so noted tha t the oxygen peak had grown 

wi th time and had reached sa tura ti on after 30 hours. Th is 

experiment was repeated a number of times with very reproducible 

results. One possible explanation of this phenomenon is that the 

back reaction of oxygen reduction to form OH- groups is 

occurring. Due to leaks in the system. the pure nitrogen in the 

circulation loop is slowly replaced by air. As the solution becomes 

concentrated wi th oxygen the reduction of O2 becomes favored over 

the reduction of hydronium ions. Another feasible alternative 
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reaction occurring in the cell is the production of ammonia. Water 

may initially be split to form hydrogen and oxygen gases until the 

concentration of hydrogen in the solution is high enough to provide 

an Hz/N z ratio large enough for ammonia synthesis to ensue. It 

is well known that 1n the gas phase high pressure ammonia synthesis 

reactions a ratio of Hz/N z of »1 is required to initiate the 

production of ammonia from Hz and Nz (REF 4.24). Iron also 

readily dissociates Nz by a structure sensitive reaction (REF 

4.25>. Chemical analysis of the NaOH /HzO solution after running 

a short circuited assembly with 16~A for several days showed the 

presence of NH3 (REF 4.26). No quantitative measurements of the 

NHJ were made so that the oxygen oxidation/reduction reaction 

could also still be occurring. In any case, since the photocurrents 

do not change with time, the number of electrons flowing across the 

electrode/electrolyte interfac~ is the same whether Oz or W is 

being reduced. 

As was discussed earlier, purging the solution with oxygen gas 

dramatically increases the photocurrents In a three electrode cell 

containing the Mg-doped iron oxide as the working electrode. When 

the oxygen purgi ng was dl scont; nued the photocurrents returned to 

their original value. This indicates that the currents were not due 

to a corrosion process or a reaction of the electrode with the 

oxygen, but rather an electrochemical reaction of only the oxygen 

and/or the oxygen and the electrolyte solution. 

Obviously, the simultaneous detection of hydrogen and oxygen 

from the assembly when the solution was being purged with oxygen to 

prove that the hydrogen evolution decreases with increasing oxygen 
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content in the solution would be a valuable experiment. However, in 

the system used the hydrogen peak will not be separated from such an 

enormous oxygen signa lin the gas chromatograph wi thout i ncreas i ng 

the length of the column and/or lowering the column temperature and 

hence the flow rate through the column. At that point the hydrogen 

signal would be too broad and thus very low in intensity and would 

not be discernible. 

In order to show that oxygen gas (0 2 ) was being produced from 

the water, experiments were performed to monitor oxygen production 

from an assembly with a 51. Mg-doped iron oxide pellet in ohmic 

contact with a lOt 5i-doped sample. Measurements were made in 0.01 

N NaOH, using water isotopically labeled with 6% H~aO. Gas 

samples were collected over an assembly illuminated in this 

solution. Mass spectrometry was used to verify the production of 

HO: giving direct evidence that water molecules were 

diSSOCiating to form oxygen gas. 

Oxygen has a high solubility in water (3.16 cm1/IOO em J 

H2 O> (REF 4.27>. therefore much of the oxygen produced in th is 

test remained dissolved in solution. In addition, leaks from the 

system prevented a direct comparison of oxygen production and 

integrated photocurrents. Instead. correspondence between oxygen 

yield and photocurrent was determined by the ratio of 140: to 

12 0 2 , Calculation of the relative oxygen (1~0~ and 

32 0 2 ) yields involved two assumptions. First. no spontaneous 

water dissociation occurred. so that the oxygen initially dissolved 

in solution consisted only of lZOz and no HO Z ' Secondly. 

under equilibrium conditions. the ratio of HOZ/1::O Z in the 
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gas phase above the electrolyte solution was equal to that in 

solution. This equilibrium was assumed to be established rapidly as 

compared to samp 1 i ng frequency (once every 24 hours). The re 1 a ti ve 

amounts of 340Z and 3Z0Z produced. depended on the relative 

probabilities of 160H- and 180H- oxidation at the anode. 

From a solution containing 61 isotopically labelled H~80, the 

detectable concentrations of oxygen isotopes present at Hz any 

time (t) were 

(
32 0 Z ] = Co + 0.88 rt. and ( 340 2 ] = 0.12 rt. 

where r is the rate of o)(ygen production for all isotopes. The 

concentration of 3Z02 initially saturating the solution. Co. 

was calculated from Henry's Law to be 4 X 10 18 molecules in 15 ml 

fizO. With these calculations, the observed total o)(ygen 

producti0n showed . good correspondence (within 20%) with the 

predicter value. Aftar 340 hours of intermittt:nt gas production. 

the predicted value for the ratio of J4OZ/HOZ was 0.059. 

The measured value was 3~OZ/3=OZ = 0.047. 

However, one should again consider the possibility of o)(idizing 

and reducing only oxygen in the cell. If water is q.eing oxidized to 

form oxygen gas and this oxygen gas is reduced on the oPPosite 

electrode to form OW ions again. a statistical distribution of 

]ZOz. 340Z. and 3&0 2 would still be observed which is 

identical to that which was observed in the last experiment. 

Although this experiment does concluSively show that Oz is being 

produced from the water it does not exclude the possibility of 

reactions other than the production of Hz and O2 from H:O 

cccurring in the cel l. 
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Long Term Stability of the Short Circuited Assembly 

In some cases the pIn assemblies have run for hundreds of hours 

with no diminuation of the photocurrents (Figure 4.9) and with no 

detectable corrosion of the electrode surfaces when examined by XPS 

and AES. As seen in Figure 4.9 the photocurrents measured from this 

short circuited assembly ~onsisting of a 5% Mg-doped sample and a 2% 

Si-doped sample showed excel lent long term stabil ity. At first 

exposure to solution, the photoactivity was low (I pn = 3 ~). 

However, the photocurrents steadily increased over an 80 hour period 

to a stable value of 15 ~A. Once steady state behavior was 

established, the photocurrents perSisted undiminished throughout 320 

hours of continuous illumination. This type of induction period was 

observed in many of the short circuited assemblies stUdied. The 

cause of the initial rise in photocurrents was not determined; the 

electrodes. showed no detectable chdnges during this period. 

Visually the electrodes did not suffer any color changes or 

topographical changes. Monitoring the oxidation state of the Fe 

before and after these experiments proved to be quite difficult 

(impOSsible). For chemical state analysis iron (III) can 

appropriately be labelled a black sheep in the periodic table of the 

elements. Predominantly, one sees a single photoelectron peak at an 

energy corresponding to the difference in energy between the initial 

and final states of an atom. Interactions of the exiting core level 

electron upon photoionization with unpaired electrons in the valence 

shell increases the number of possible final states of the atom. 

Th is is ev i denced by a broaden i n9 of the observed xPS peak s . Due to 

the five unpaired d-electrons left when Fe<III) is ionized to Fe<IV) 
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the Fe (2p) lines are extremely broad. The broadening is further 

complicated by configuration interactions which lead to satellite 

structures. The Fe 2p3/z's satellites fall between the Fe 

2P]/2'S and Fe 2pl/2 peaks (Figure 4.10). 

Oark currents 1n the short circuit assemblies were always less 

than one microamp and usually became even smaller with continued 

operation of the cell. This is a strong indication that the 

photocurrents are not due to corrosion processes, since then the 

dark currents would most likely also be high. These results are 

consistent with the findings of other investigators (REF 4.28) who 

have found iron oxide to be extremely stable in aqueous solution 

over a wide range of pH. 

The data obtained for the short circuited assemblies is somewhat 

controversial. While many of the a~semblies exhibited behavior like 

that in Figure 4.2 other short circuited assemblies were operated 

for short periods of time during which the photocurrent Slowly 

diminished and eventually ceased. These electrOdes also showed no 

visible corrosion and appeared to be simi lar to the functional 

electrodes when exami ned. wi th XPS and AES, i . e. no noti ceab Ie 

reduct; on or ox i da ti on of the electrodes occurred and no chemi ca I 

impurities were present. 

Reproducibility 

One of the major concerns in thi s project has been the 

reproduc i b iIi ty of the photocurren ts in the short c i rcu i ted diode 

assembly. Although hydrogen has been produced regularly, the 

quantity of hydrogen detected compared with the integrated 

photocurrents does not show a one to one correspondence. The ratio 
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of the measured to expected hydrogen amounts varied. but was always 

less than 0.40. Some of this irreproducibility can be attributed to 

the inhomogeneity of the material. It is obvious that these 

polycrystal1ine materials are inhomogeneous. Some of the inhomo~ 

geneities can be minimized by mixing the MgO and Fe Z03 powders 

in small quantities so that each disc is assured of having the same 

MgO/FezOl ratio. This does not insure the same distribution of 

Mg in the final sintered product. however. and this inhomogeneous 

distribution cannot be improved upon using this preparation 

procedure. In addition. sintering the pellets at high temperatures 

ina n air at mo s p her e c I ear I y red u c est h e ma t e ria 1 pre fer e n t i a 1 I Y at 

the surface. This reduction leaves an oxygen deficient 

a.-Fe z03 phase at the surface and grains of inhomogeneously 

mi xed FeZOl and Fe J 04 phases. If the Mg is an important 

element for the successful operation of these electrodes in a short 

circuited assembly. then this problem will be difficult to 

overcome. 

On the other hand. the role of the Mg may solely be to initiate 

the formation of the spinel phase at lower temperatures. Attempts 

were made to grow single crystals of FeZOl doped with Mg z• or 

Pb Zo
, but produced very high resistance materials. This indicates 

that perhaps the Mg z • does not substitute for Fe J
• in the 

FeZOl structure (REF 4.29). However, sintering the pellets 

<>1350°C) may incorporate Mg into the spinel and/or corundum 

phases. If Fe)04 alone is the crucial element in producing an 

operating short circuit assembly, then powders of Fe 3 0 .. and 

F'ezO] sintered at low temperatures should give the same results 
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as the Mg-doped and Si-doped assemblies when used in the short 

circuit assemblies. 

Studies of the Electrode Surface 

Photochemical techniques as well as ultra high vacuum 

spectroscopies have been used to show that the inhomogeneities of 

these materials in the near surface region can be related to the 

photoelectrochemical properties of the magnesium substituted iron 

oxide samples. It has been shown that iron oxide can exist in the 

form of very stable reduced states which are more active than the 

fully oxidized counterpart. This is discussed in detail in 

Chapter 5. 

AC Photoelectrochemical Measurements 

AC experiments were carried out in order to study the 

photocurrent response of our samples as a function of the de~th of 

penetration of the light. In an AC photoelectrochemical exper;ment. 

photocurrents are separated from the dark currents. s; nce on Iy the 

light Is modulated by the tuning forle Furthermore. the use of 

monochromatic light allows the examination of a particular region of 

the space-charge 

semiconductor is 

penetration. 

layer because the absorption 

inversely proportional to the 

coefficient of a 

depth of light 

The AC photoresponse as a function of applied potential at 

several different wavelengths is presented in Figure 4.11. The AC 

photocurrents were measured between -0.075 and 1.526 V RHE at 

wavelengths of 300. 400. 500, and 550 nm. The olots display both 

photoanodic as well as photocathodic currents and have been 

normalized to a constant ohotocurrent value at 1.526 V. RHE. The 
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Mg-doped electrodes generate (p-type) photocathodic currents when 

shorter wavelength irradiation is employed while photoanodic n-type 

behavior is observed upon illumination with longer wavelength 

light. A qualitative comparison of the curves shows that there is 

considerable inhomogeneity in the magnesium substituted iron oxide 

electrodes. 

It appears that a surface region is present in the sintered disc 

electrodes which gives photocathodic currents under illumination. 

From the viewpoint of photoelectrolysis these results are remarkable 

because. despite the observation of an n-type Seebeck coefficient. 

the electrode behaves under illumination as if the space-charge 

layer potential gradients in the near surface region were similar to 

a true p-type semiconductor. Undoubtedly this behavior is related 

to the inhomogeneity of the ceramic material itself, as the disc 

contains multiple phases. If a surface inhomogeneity were present, 

it could in principle be abraded from the surface resulting in 

different electrochemical behavior. 

Following the hypothesis that the near surface region is 

different from the bulk of the disc. the electrodes were sandblasted 

to. remove the first lOa microns of the outer layer. The AC 

photoresponse of the abraded electrode is shown in Figure 4.12. It 

is c I ear tha t remova I of the near surface reg i on resu I ted ina 

complete reversal of the previously observed photocathodic 

currents. After abrasion. only photoanodic currents are observed. 

The results of this experiment indicate that, indeed. the near 

surface region of the discs has a different chemical character than 

the bulle It should be noted, however. that in light of the high 
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temperatures of the preparation of the sintered discs, such 

inhomogeneities between the surface and the bulk are not 

surprising. The temperatures of preparatiofl, 1200-1400°C are high 

enough to result in reduction of the surface. Thi sis consi stent 

with the observed instability of the electrodes during the cyclic 

voltammetryexperiments. 

In an attempt to identify the chemical nature of the near 

surface region of the discs, the surfaces of the ceramic discs were 

removed with a jeweler's file. X-ray powder diffraction of the 

surface powder showed no evidence for phases other than the corundum 

Cl-FezOl and spi ne 1 Fe ]04 phases. However, the x-ray 

patterns were not of sufficient quality to provide a measurement of 

the relative quantities of the two phases as was presented 

previously. Photoelectron spectroscopy studies were used to 

determine the oxidation states of iron in the near sJrface region, 

and to determi ne the surface compos i ti on more accurate 1 y. The Fe 

(2p) peaks located at higher binding energy <706-710 eV) are too 

broad to obtain Quantitative XPS measurements of FeZ. 

concentrations in iron oxide compounds (REF 4.30,4.31). 

and Fe l+ 

Oku and 

Hirokawa have shown that the lower binding energy Fe (3p) peaks 

exhibit satellite characteristics for FeZ. ions which are easily 

dis c ern i b 1 e from the Fe 1 • sat ell i t est r u c t u res ( Fig u r e 4. 1 3) ( REF 

4.32). Using this data, analysis of the XPS spectrum taken from a 

Mg-doped Cl-FezOl pellet suggests that the ratio of 

Feh/Fe h at the surface is roughly 0.5. Bulk x-ray analysis of 

the same sample showed that the ratio of FelO~ to Fe Z03 was 

0.25 or Fez+/Fe l
+ = 0.1 for the bulk. combining the results from 
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the AC photocurrent measurements and the XPS spectra it is clear 

that the near surface region of the pellets plays a crucial role in 

the photodissociation process. The AC depth profile (Figure 4.11) 

shows that the p-type behavior is present only near the electrode 

surface (within lOOOA) where there is an enhancement of F:~ 

valence states (XPS, Figure 4.14>. 

The next logical step, knowing the importance of the electrode 

surface and the presence of reduced states of the iron, was to study 

the electrode surface more carefully under controlled conditions in 

the UHV chamber. 

.. 
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Figure Captions 

Figure 4.1. Mott-Schottky plots of the inverse square of space 

charge capacitance <l/Csc)z versus applied 

potential (Va) for A) 101.. S1 in Fe z03 and B) 5io 

Mg Fe z03 electrodes. Performed at 1500 Hz 

frequency in 0.01 N NaOH against a Pt counterelectrode. 

Figure 4.2. Proposed energy level diagram for an operating short 

circuited iron oxide assembly. 

Figure 4.3. Pictorial representation of the work. function, elec

tron affinity, Fermi level in relation to both the 

electrochemical and spectroscopic energy scales. 

Figure 4.4. Alignment of FezO] and Fe l 04 valence and 

conduction bands when immersed in an aqueous solution. 

Figure 4.5. 

Figure 4.6. 

Figure 4.7. 

Figure 4.8. 

Photocurrent with applied voltage for different 

wavelengths. 

utilization of light for different widths of the 

depletion layer in a doped semiconductor. 

Hz detected over time after hydrogen injection from 

a syringe from a cell containing no sample. 

Hydrogen evolution from a small volume cell (10 ml) 



Figure 4.9. 

Figure 4.10. 
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containing a short circuited iron oxide assembly. No 

hydrogen was initially introduced into the cell. Time 

o = after 2 days irradiation. 

Photocurrent as a 

circuited assembly 

solution. 

function of 

duri ng the 

time 

first 

XPS spectrum 

comparison with 

pellet. 

of clean. 

the XPS 

pure a.-FezOJ 

spectrum from 

for a short 

i mme r s ; on i n 

Fe<III) in 

a Mg-doped 

Figure 4.11. AC photoresponse of a Mg-FezOJ electrode as a 

function of applied potential at several different 

wavelengths. All data were normalized to have equal 

intensity at 13S0nm wavelength. 

Figure 4.12. AC photoresponse of an abraded Mg-doped iron oxide 

electrode. 

Figure 4.13. XPS satellite structure for the Fe (3p) photoemission 

lines. (REF 4.32>. 

Figure 4.14. Oeconvoluted Fe (3p) photoemission lines for a 

Mg-doped iron oxide electrode. 
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Hydrogen Production From a Short Circuited Assembly 
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Chapter Five 

An XPS, UPS, TDS Study of Water and K on Ge-doped Single Crystals 

There have been theoretical (REF 5.1,5.2) and experimental (REF 

5.3-5.5> studies of water adsorbed on iron and its oxides by 

photoelectron methods. As a supplement to these studies and as a 

correlation to water photodissociation. experiments have been 

performed using iron oxide electrodes and several ultrahigh vacuum 

techniques (thermal desorption spectroscopy. ultraviolet 

photoe 1 ectron spec troscooy and x-ray photoe 1 ectron spectroscopy) to 

study the reaction of H20 with stoichiometric and reduced iron 

o)(ide crystals. K has been added to the system to simulate the 

presence of alkali metals in the electrolyte solutions use'd for the 

water photodissociation process. 

Experimental 

A 11 of the UHV experi ments were conducted on Ge-doped 

~-Fe!Ol crystals grown by CVD as described in the experimental 

section. The crystal orientation is the (001) basal plane of the 

corundum hexagonal unit cell, The crystals show very nice hexagonal 

LEED patterns wi thout sputter; n9 or -annea 1 i n9 them beforehand 

(Figure 5.1). These Ge-doped crystals have been extremely well 

characterized and have been shown to be identical in nature to pure 

~-Fe!Ol in all respects. including the bandgap. and 

electrochemical properties (REF 5.6>. The only e)(ception is that 

tne conductivity of the Ge-doped crystals is much higher (1 Oem) 

than for pure ~-Fe20'] <10 6 Ocm) which is advantageous for 

studies with electron spectroscopies. 
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Ultra Hlgh Vacuum Surface Analysis 

In the ultra high vacuum chamber spectroscopi c techni ques are 

used to study only the outermost (10-100 ~) layers of the 

surface. These spectroscop i es i nvo 1 'Ie the detecti on of low energy 

electrons which are ideally suited for surface studies because the 

mean free path of an electron penetrating through solids is only a 

few 1 ayers. Fi gure 5.2 shows the dependence of the electrons mean 

free path as a function of their kinetic energy. Electrons with 

energies between 10 and 1000 eV are used for surface analysis via 

many different techniques, including x-ray photoelectron 

spect~oscopy. ultraviolet photoelectron spectroscopy. Auger electron 

spectroscopy. and low energy electron diffraction. 

programmed mass spectrometry was also used. 

Temperature 

Surface analytical experiments were carried out in a homemade' 

ultra nigh vacuum chamber (Figure 5.3) pumped by a high speed oil 

·diffusion pump using Santovac 5 oil (vapor pressure less than 

10- 10 torr at room temperature) and equipped with a liquid 

nitrogen cold trap to facilitate pumping HzO. CO, and CO 2 , The 

base pressure of the chamber was 2 x 10- 10 torr after heating the 

walls of the chamber to 230°C for 24 hours. A typical mass spectrum 

of the residual gases in the chamber after a bakeout (P = 10- 10 

torr) (Figure 5.4) shows that the gases are primari ly H:O. CO, and 

CO 2 • 

The chamber is equipped with instruments for low energy electron 

diffraction (LEED),. (Physical Electronics Model 11-020). x-ray 

photoelectron spectroscopy (XPS), (Physical Electronics Models 

20-095, 04-151). ultra violet photoelectron spectroscopy (UPS), 
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(GCA/McPherson Model 630), Auger electron spectroscopy (AES), 

(Physical Electronics Models 11-010, ll-SOOM. 20805), quadrupole 

mass spectrometry, '<UTI Model lOOC) and argon ion bombardment, 

(Physical Electronics Model 20-045>. The electron detector used was 

a Physical Electronics Model 15-25G double pass cylindrical mirror 

analyzer. 

The chamber is also equipped with a separate small chamber which 

was capable of functioning either as an electrochemical cell or as a 

means of transferring samples to the UHV chamber without letting the 

system up to air. The cell was pumped to I x 10- 7 torr with a 

small diffusion pump backed by a mechanical pump. The transfer 

mechanism was unique (designed by Keith Franck) and was leak tight 

to I x 10-' torr. Samples transferred into the UHV system were 

heated by a tungsten button heater mounted on the manipulator. 

Although the electrochemical cellon the UHV system was never used 

as such, it could provide the doorway to a new frontier in which the 

fields of electrochemistry and surface science would be tightly 

interwoven. 

x- ray Photoel~ctron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is used to study the 

composition of the near surface region «100A) and more 

importantly to obtain information concerning the oxidation states of 

the atoms comprising this surface region. The principle of XPS is 

the excitation of electrons from the core levels of atoms into 

vacuum by means of x-ray irradiation as shown schematically in 

Figure 5.5. Peak pOsitions were determined by calibrating the 

entire spectra ~ith respect to the C(ls) peak. It has been' 
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experimentally determined that the XPS peak binding energy for 

adventitious carbon is 284.5 eV (REF 5.n. All of the XPS data 

reported here were obta i ned us i ng the Mg Ka. x-ray 1 i ne of 1256.3 

eV energy. The x-ray source consisted of a water cooled copper anode 

coated with magnesium. The anode is bombarded with electrons emitted 

from the source cathode which excae the Mg atoms on the anode 

surface. Radiative rela~ation of the metal atoms produces the 

characteristic x-rays used to ionize a sample for XPS analysis. The 

x-ray power supply was operated at 400 Watts (10 keV, 40 mA). 

The ejected photoelectrons have a kinetic energy of 

where hv is the energy of the incident x-rays and E8 is the 

binding energy of the ejected electron, and ·.spec, the 

spectrometer work function, is a constant (-4eV>. These electrons 

are detected via 1 double pass cylindrical mirror electron energy 

analyzer (Figure 5.6), The electrons are retarded to a constant 

energy (pass energy) by a variable potential applied to the grid at 

the front of the detector. This allows only electrons of a 

determined energy to be fi ltered and focussed into the electron 

multiplier (a charneltron) so that the detection resolution is 

constant throughout the Kinetic energy range of the incoming 

electrons. The resolution is determined by the pass energy such 

that 

~£/E = constant = 0.007 

where E is the kinetic energy of the electrons entering the 

spectrometer (E = Epass = constant) and AE is the resolution. The 

resolution (full width half maximum of the peak detected) for 

different pass energies is shown in Table 5. I. 



AE (resolution) 

0.07 

0.14 

0.35 

0.70 

1.40 

TABLE S. 1 

Pass Energy 

10 

20 

50 

100 

200 
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Ultraviolet Photoelectron Spectroscopy 

Ultraviolet photoelectron spectroscopy is used to study the 

density of states and the valence structure in materials. The 

principles of ultraviolet photoelectron spectroscopy (UPS) differ 

from those described above for XPS only in that the excitation 

source is a He lamp which gives off ultraviolet radiation of 21.2 eV 

energy. Since the excitation source energy is now much smaller, the 

electron vacancies which are created in the atoms are valence shell 

electron vacanc i es a s opposed to core 1 eve 1 vacanc i es produced by 

x-rays. In the UV lamp, bound atomic electrons of He are excited by 

electric discharge in a continually flowing gas stream. The 

photoemission spectrum of the He vacuum-UV light source is then the 

result of the deexcitation of those excited atoms or ions. 

One important parameter which can be stUdied with UPS is t~e 

work. function of a material. The work. function of a sol id chang:s 

Quite noticeably when the surface dipole is changed either by 

adsorbing dipolar molecules on the surface or by removing elements 

from the bu 1k of a compos i te ma ter i a 1. The ex trac t i on of a work 

function from a UPS spectrum is shown schematically in Figure 5.7. 

The work function is defined as tht! potential that an electron at 

the Fermi level must overcome to reach the level of zero kinetic 

energy in the vacuum. It can be expressed, then, as the difference 

between the ~acuum level and the Fermi level of the sample 

e~ :0 EYdie - Er. 

For semiconductors the onset of emission in the UPS spectrum 

corresponds to the valence band edge and not the Fermi level. 

Figure 5.8 gives an energy level diagram for photoelectron 



spectroscopy (REF 5.8). Using this figure it is easy to see that 

hv = EklM + Ee + e~spec. 

One can also see that when the binding energy, Es , is zero that 

hv = Ekl n + e~s~.c 
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so that the kinetic energy is maximized when an electron is being 

removed from the Fermi level. Therefore the difference between the 

photon energy and the Fermi 1 eve 1 (s i nce EF = Ek , n (max i mum) 

when Eei s zero) is the work function of the spectrometer. The 

work function of the sample is obtained by looking at the onset of 

the secondary electron emission. Figure 5.7 depicts a schematic 

density of states for a sample and the distribution of secondary 

electrons (electrons which have undergone multiple inelastic 

scattering processes). An electron with just enough energy to leave 

the samp 1 e and reach the vacuum I eve I has zero k i neti c energy. If 

however, there is an additional potential at the surface which the 

electron must overcome to escape the sample (the work function) then 

the onset of emission of electrons from the sample will begin at a 

higher energy and the secondary electron distribution, as shown in 

Figure 5.7, will be cut off. Therefore changes in the work function 

of a sample can be measured by measuring the change in the onset of 

the zero kinetic energy secondary electron emission. 

The crystal was biased with -11.0 V during the UPS scans in 

order to observe the onset of the secondary electron emission. The 

work function of the spectrometer was assumed to be constant. so 

that changes in the work function of the sample were obtained from 

the shift in the onset of the secondary electron emission. Since 

the Fermi I eve 1 of a semi conductor does not coi nc i de wi th the energy 
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of the highest occupied level of the material, the binding energy 

sca I e has been chosen so that zero bi ndi ng energy is at the top of 

the valence band. The valence band energy was assumed to be 

constant throughout these experiments. 

Auger Electron Spectroscopy (AES) 

Auger electron spectroscopy is most suitable for studying the 

chemical composition of surfaces and to estimate absolute coverages 

of adsorbants. Auger electron emi s sian occurs after the product i on 

of an electron vacancy in the core level of an atom either by x-rays 

(as in XPS) or electrons ranging in energy from 1-5 keV. This 

electron vacancy is filled by deexcitation of electrons from the 

outer shells, as shown in Figure 5.5. The energy ~eleased in the 

deexcitation is transferred by electrostatic interaction to an 

electron in the same atom or in a different atom. If this electron 

has a binding energy that is less than the energy transferred to it 

from the deexcitation process then it will be ejected into the 

vacuum leaving behind a doubly ionized atom. The ejected electron 

is called an Auger electron. The energy of Auger electrons is 

independent of the energy of the incident beam of x-rays or 

electrons, contrary to the electrons detected in XPS or UPS, and can 

be written as 

E" " = (E = - E 1) - E b - eq, s ., 

where E2 is the energy di fference between the two 

electronic energy levels involved in the deexcitation process and 

E8 is the binding energy of the ejected Auger electron. 

For these experiments Auger analysis was performed using an 

incident electron beam of 2 keV energy and 0.2 mA emission current. 
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The channeltron was operated at a bias of 1.9 keV. The signal was 

passed through a PAR (Model HR-8) lock-in amplifier in order to 

obtain the derivative of the signal dN(E)/dE. The number of Auger 

electrons is small compared to the number of electrons which have 

undergone secondary scattering processes (Figure 5.9), so that 

taking the derivative of the signal enables the detection of the 

sma 11 Auger electron signa 1 on top of the much 1 arger secondary 

electron signal. 

Argon Ion Bombardment 

Because XPS. UPS, and Auger are used 

outermost surface layers of a sample it is 

to investigate the 

important that the 

surface not be covered with carbon, water, or other impurities. Ar 

ion bombardment was used to clean the sample surface and also to 

sputter off layers of the material to monitor changes as a function 

of depth into the sample (depth profiling). During the argon ion 

sputtering the argon gas pressure was maintained between 1 x 10-~ 

and 5 x 10- 5 torr and the ion gun operated between 0.5-2 keV and 

10-20 rnA. ~hen sputtering a compound. such as iron oxide. 

consisting of different elements. lighter elements are 

preferentially sputtered and metal cations are generally reduced in 

the process. 

Low Energy Electron Diffraction 

Low energy electron diffraction (LEED) yields information about 

the geometry of the topmost layers of solids. The technique is 

based on the wave nature of electrons. According to the de Broglie 

relationship, electrons nave associated with them a wavelength A. 

given by the expression 
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A = h/(mv) = 1150/V 

h being Planck's constant, m the rest mass of an electron, v its 

velocity, and mv its kinetic energy. Hence, when an electron beam 

impinges on a crystal surface, a fraction of these electrons are 

elastically scattered by the atomic core potentials which may 

constructi ve I y or destructi ve I y interfere dependi ng on the a tomi c 

positions, analogous to x-ray diffraction experiments (REF 5.8). 

Constructive scattering wi 11 occur at certain angles ~, which can 

,be calculated using Bragg's equation. For normal electron beam 

incidence 

sin~ = nA/d~.k = n/d~.k 1150/V 

where n is an integer denoting the order of diffraction and d~.k 

is the distance between parallel rows of scatterers in the [h,.k] 

direction. Information about the shape and dimensions of the unit 

ce II of adsorbates may thus eas i I Y bE: determi ned and compared wi th 

the substrate (if periodicity is present), For instance. a (2x2) 

adsorbate overlayer means that the chemisorbed species order on the 

sol id surface in such a way that its un; t cell has the same shape as 

that of the substrate, but is twice as long in both directions. 

The translation of a crystal lattice structure to the 

fluorescent screen is shown in Figure S.IO. A monochromatic 

electron beam impinges on the surface at close to normal incidence. 

and the elastically scattered electrons are filtered using a 

retarding field analyzer and accelerated into the phosphorescent 

screen. The patterns can then be photographed through the UHV 

chamber viewport with a pol avoid camera and appropriately 

identified. 
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Thermal Desorption Spectroscopy 

Thermal desorption spectra were taken with the mass spectrometer 

encapsulated except for a protruding mm aperture in order to 

localize the detection of gases to those desorbing from the sample 

surface rather than the samp I e mount. The sing I e crys ta I s as grown 

by CVD were very thin platelets which enabled us to mount them so 

that the temperature of the crystals could be measured very 

accurately during the heating cycles. The platelets were mounted on 

a tantalum foil smaller than the crystal size by melting a very 

small amount of pure indium (melting point IS6°C) on the foil and 

placing the crystal on top of the In. All of the supports and 

backing were covered with Au foil, since Au is the least reactive of 

the metals. Although the melting point of indium is low the surface 

tension of the liquid is very high. Even at 1000 K the crystal, 

which was mounted vertically, did not fall from the Ta foil. 

Tempera tures were recorded wi th a chrome l-a 1 ume 1 thermocoup I e spot 

welded directly to the tantalum foil. Because the platelets were 

very thin «1 mm) the temperature of the foil and the crystal can 

be assumed to be identical. 

temperature of the crystal. 

An AC power supply was used to ramp the 

The hea t t ng rate u sed for the therma I 

desorption experiments was 10-50 K/sec. Single thermal desorption 

peak spectra were recorded on an x-y recorder while multiple mass 

detecti on was accomp I i shed us i ng an LSI-II computer interfaced wi th 

the UrI mass spectrometer (REF 5.9). 

The phase transition of iron oxide from a-Fe:Ol to 

Fe 1 04 occurs at 1350 K (Figure 3.6) so that no attempts were 

made to heat higher than 1000 K. No In was seen by Auger or XPS to 
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have diffused to the front surface of the crystal even after heating 

to 1000 K, although we were careful to avoid such high temperatures 

for more than a few seconds at a ti me. The samp 1 e was cooled by 

thermal transport from the tantalum supports to a liquid nitrogen 

reservoir. The sample was routinely cooled to 120 K. 

Gas exposures were measured using mass spectral intensities 

rather than ionization gauge pressure increases in some cases 

because of contamination of the gas inlet lines with CO. Iron oxide 

is almost completely inert to CO even at 130 K so that the CO did 

not interfere wi th the adsorption of other gases on the crysta I 

surface. No attempts were made to cal ibrate the Signal of the mass 

spectrometer to abso 1 ute coverages or pres sures. The techn i que for 

this calibration is well described elsewhere (RtF 5.10). 

The desorption ratl\ ret) from a sample of area A, is related to 

the partial pressure obtained using a mass spectrometer oy the 

expression 

r ( t) = (k x S) Ap 

where k is a con stant, Sis the pump i ng speed of the sys tem (and is 

assumed to .. be much faster than the desorption rates), and Ap is 

the pressure change due to the desorption. Thi s desorption rate can 

also be expressed as an Arrhenius expression, 

ret) ~ v"f(e)exp(-Ea.s/RT) 

where v is the preexponential factor, n is the desorption order, 

fee) is an adsorbate coverage dependent function, and Eoes is 

the activation energy for the desorption process. 

If it is assumed that the temperature varies linearly with time 

(T = To + Bt). and if v" and Eaes are coverage 
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independent. Redhead has shown that (REF 5.11) 

Ed.s/(RT~) = (vl/~)exp(-Ed&s/RTp) 1st order 

Ed.s/(RT~) = (vz/~)6exp(Edes/RTp) 2nd order 

where Tp is the temperature of maximum desorption, ~ is the 

heating rate. and 60 is the initial coverage. According to this 

model, Tp is independent of the initial coverage for first order 

desorption, but it decreases with increasing 6 0 for the second 

order process. Therefore, the nature of the desorption process can 

be inferred from a Tp vs. 6 0 plot. 

Data Treatment 

Data for XPS, AES, and TDS was collected on a PET model 2001 

Commodore computer through a home built digital/analog converting 

interface. Subsequent data analysis was performed either on the Pet 

commodore or an LSI 11. The software programs wi 11 not be descri bed 

in detai I here. 

O~idized and Reduced Single Crystal Surfaces: Work Function Changes 

Work was done on both the stoichiometric and reduced Ge-doped 

~-Fe20J iron oxides. Reduced iron oxides were produced by 

sputtering a stoichiometric oxidized ~-Fe201 crystal with the 

corundum structure shown in Figure 5.1 using a high Ar ion flux to 

the crystal. The hexagonal LEED pattern shown in Figure 5.1 was 

obtained from the oxidized crystal even before the crystal was 

cleaned and annealed. No LEED patterns were obtained after 

sputtering, indicating an absence of coherent surface geometrical 

structure. The degree of reduct; on was mon i tored by the change in 

the work function of the crysta 1 as measured by UPS, and by the 

intenSity of the shoulder observed above the valence band structure 
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in the same UPS spectra. A seri es of UPS spectra taken as the 

sputtering process progressed is shown in Figure 5.11. As the iron 

oxide crystal becomes reduced a shoulder appears above the valence 

band structure in the spectra. The shoulder is more easily seen in 

Fi gure 5.12 where the pure a.-Fe 20 3 UPS spectrum has been 

subtracted from each of the successive plots in Figure 5.11. This 

peak initially grows with sputtering time and then saturates, as 

would be expected since Ar+ sputtering preferentially removes 

oxygen from the iron oxide lattice. As the Fe concentration at the 

surface increases, Fe wi 11 a 1 so be removed in the sputteri ng 

process, so that there is a limit to the degree of reduction of the 

surface wh i ch can be ach i eved. A plot of the decrease in the work 

function with time with our sputtering arrangement is shown in 

Figure 5.13. Initially the work function drops r,pidly as oxygen is 

preferentially sputtered from the surface leaving the surface with a 

dipole moment directed away from the surface. After nine minutes a 

h; gh dens ity of defect sites is obta i ned, ev i denced by both a high 

intensity in the shoulder above the valence band in the UPS spectra 

and a change of almost one electron volt in the work function of the 

material. Continued sputtering with time does not increase the 

number of defect sites. When the concentration of Fe atoms at the 

surface becomes high, since oxygen is removed first. the Fe atoms 

wi 11 a 1 so begi n to be removed so that a steady state concentration 

of defect sites is obtained. This is shown by the constant work 

function at the minimum value measured after nine minutes of 

sputtering. The crystal was reoxidized to its stoichiometric form 

at 600 K in 5 x 10-6 torr of oxygen. 
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A number of different reduced states of the iron oxide could be 

reproduc i b 1 Y produced by sputteri ng for 15 mi nutes and subsequentl y 

annealing to different temperatures. As can be seen in Figure 5.14, 

there is an initial abrupt change in the work function as the 

crystal is annealed. This initial change is probably due to the 

rearrangement of the surface a toms to produce an ox i d i zed 1 ayer on 

the surface of the crystal either by diffusion of Fe into the bulk 

or oxygen out of the bulk. With the crystal held at one temperature 

for 30 mi nutes • 1 itt 1 e or no further changes in the work func ti on 

were observed with time. This indicates that these reduced oxide 

species are very stable. which is supported by experiments in which 

reduced iron oxides are used in aqueous solution-s for long periods 

of time and show no alteration of the iron oxide valence states (REF 

5.12 - 5.15). 

XPS spectra of the single crystal in the stoichiometric form and 

the reduced form are compared to an iron foil in Figure 5.15. The 

relative position of the 2P3/2 line for FeZ. as found by other 

authors (REF 5.16 - 5.19) is shown by the vertical lines. The 

reduced sample was produced by sputtering for several hours with 

Ar·. The data show that the sample contains very little if any 

Feo so that the small UPS signal near the Fermi level corresponds 

primari ly to FeZ. inclusions in the surface layers of the iron 

oxide. 

Thermal Desorption of Hater from Oxidized and Reduced Iron Oxide 

Figures 5.16 and 5.17 show two series of TDS spectra for H~O 

desorption from a completely oxidized (stoichiometriC> and a 

partially reduced Ge-doped a.-FezOJ single crystal. The data 

". 
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are characterized by a single peak which shifts to higher 

temperature as the coverage increases. The shift of the single 

desorption peak to higher temperatures with increasing coverage 

coup 1 ed wi th the exponent i a 1 form of the 1 ead i ng edge of the TDS 

spectrum clearly indicates a zero order desorption process as would 

be expected for the multilayer growth of physisorbed water. 

Assuming that the thermal desorption rate is slower than the 

pumping speed of the di ffus i6n pump, the intensity of the mass 

spectral peak can be related to the rate of desorption of the HzO 

molecules from the surface. With this. one can use an Arrhenius 

plot of the mass spectral intensity 'Is. liT to calculate an 

activation energy for the desorption process (Figure 5.18), The 

activation energy for the desorption was calculated to be 11.8 

kcal/rno1 which is very close to the sublimation energy of ice <12.2 

:<ca 1 fmo1 ). 

No additional water desorption peaks were observed at higher 

temperatures indicating that the chemisorption of water does not 

occur on the basal plane (001) of a.-FezOl iron oxide. The 

absence of a monolayer desorption peak and the single peak spectra 

for the o~idized iron o~ide surface are strong indications that 

lateral interactions between HzO molecules are comparable to or 

stronger than H20-substrate interactions. At very low coverages 

two peaks were observed on the sputtered crys'ta 1, whereas on I y a 

single desorption peak. was detected on the fully oxidized crystal. 

The additional peal<. seen in the sputtered surface spectrum at low 

coverages may corresoond to a slightly stronger substrate-HzO 

interaction due to the underlying reduced Fe species. even though 

these reduced iron atoms are not exposed to the surface. 
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Iron oxides are being used as catalysts for many reactions 

involving both gas and liquid phase water. In fact. often times 

these i ron ox i des perform best when the ox i de has been prereduced 

(REF 5.12). It is somewhat hard to believe that these prereduced 

species indeed react catalytically rather than stoichiometrically in 

a highly oxidizing environment such as that of a NaOH IHzO 

solution at pH = 12. We have shown that many reduced states of iron 

oxide are Quite stable in vacuum even at relatively high 

temperatures (Figure 5.14). 

Direct evidence that only the first few layers of the freshly 

sputtered surface are oxidized by cleavage of the O-H bond from 

adsorbed water molecules is given by the Hz thermal desorption 

data shown in Figure 5.19, and the UPS data shown in Figure 5.20. 

Hz was monitored in the mass spectrometer after the adsorption of 

multtlayers of water on both the sputtered and oxidized crystals. 

No Hz desorption was observed for the stoichiometric oxidized 

crystal between 120 I( and 1000 K. The lack. of the water 

recombination peak and an Hz peak. suggests that water only 

physisorbs molocularly on the fully oxidized surface. In the UPS 

spectra no peaks corresponding to either H20 or OW were present 

indicating that there was no molecular water or OH- species on the 

surface above 3001(. 

On the sputtered surface. however, quite different results were 

obtained. The initial desorption of water from the surface yielded 

both a multilayer molecular desorption peak. and a Hz peak.. The 

hydrogen peak. is very broad, stretching from 160 K to 600 K. The 

crystal was subsequently cooled and a second thermal desorption 
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spectrum was taken under the same conditions and exposure as for the 

initial run. No Hz was seen desorbing from the surface of the 

crystal. Thus. the presence of oxygen vacancies and consequently 

reduced iron species, initiates dissociative adsorption of water on 

the iron oxide surface. Only the Fez. species in the outermost 

atomic plane can adsorb water dissociatively. Subsurface Fe z
+ 

species. although stable, are not contributing to the dissociative 

chemi sorption of HzO. Subsequent annea ling c I eaves the O-H bond. 

The oxygen is incorporated into the iron oxide surface layer and the 

H atoms recombine to form Hz gas molecules. In the UPS spectra, 

the shoulder above the valence band edge which corresponds to 

reduced Fe speci es is sti 11 present after the surface 1 ayer has been 

oxidized. With the small escape depth of valence level electrons, 

these spec i es wou 1 d not be detected had more than the top I ayer of 

the reduced oxide Leen oxidized. 

Interactions of Water with Iron Oxide Single Crystals 

After adsorption of multi layers of water, UPS spectra were 

recorded as the temperature of the crysta I was stepped through the 

thermal desorption range from 120 K to 1000 K. The spectra are 

shown in Figure 5.~1.5.22. For the oxidized crystal (Figure 5.21), 

it is easy to see that at low temperatures «180 K) multilayers of 

water are adsorbed on the surface. The substrate peaks are weakly 

visible but the predominant features at 7.4, 10.6, and 13.7 eV 

b i ndi ng energy correspond to adsorbed mu It i 1 ayers of wa ter . At 120 

K, the UPS curves show the presence of water induced features 

<Figure 5.21, bottom curve). Only the peaks due to the lb. and 

3a molecular orbitals are observed clearly. The lb z peak is 
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obscured by the secondary electron peak. UPS curves after the 

growth of multi layers of ice show all three of the ice peaks clearly 

(Figure 5.22. bottom curve). After heating the oxidized crystal to 

190 K all of the water features in the UPS spectra disappear. 

Concommitantly. no water desorption peaks were observed in the 

thermal desorption experiments above 190 K (Figure 5.23>' All of 

the water desorbed below 190 K. 

The spectra for the sputtered crystal are shown in Figure 5.22. 

These spectra were taken di rectl y after the crysta 1 was sputtered 

wh i I e coo I ed to 120K. After the sputter i ng, water wa s adsorbed and 

the UPS spectra were taken dur~ng the initial heating ramp. The same 

exposure of water was used as for the oxidized crystal. As can be 

seen by the water adsorption UPS spectrum (bottom curve, Figure 

5.22) more water adsorbs on the sputtered crystal than on the 

oxidized crystal for the same exposure. All three of the ice peaks 

can be seen quite clearly. The thickness of the ice film must be at 

least 20A to completely suppress the underlying FezO) 

spectrum. Upon heating, the peak at 10.6 eV slowly decreased in 

intensity. After the desorption of the molecular water at 190 K. 

this peak. shifts to higher binding energy by 0.5 eV. This result 

seems to indicate that OH species are now present on the surface. 

Similar shifts 1n going from H:O to OH have been observed by other 

authors (REF 5.20,5.21>' The 10 eV peak disappeared completely 

only above 370 K. Continued heating produced no additional 

changes. It is also noteworthy to mention that again the Fe:~ 

shoulder near the valence band edge did not appreciably decrease 

unt i 1 very high tempera tures were reached, in agreement wi th 



previously reported data (REF 5.22). 

Water Interactions on a K Covered Surface 

153 

K was deposited on the surface of the crystal via a K source 

heated by a DC power supply. Coverages were monitored by Auger peak 

to peak ratios of the K(252) to Fe(6Sl) peaks. It was poss·ible to 

deposit multilayers of K with a K/Fe ratio as high as K/Fe = 36. 

These layers were easi ly desorbed upon heating to 350 K. The 

coverage of K (K 25z /Fessl) as a function of temperature is shown 

in Figure 5.24. After the initial desorption of the K multilayers 

at -350 K the remaining K (K 252 /Fe6sl - 6) could not be 

removed with heating. This K layer was easily removed by 

sputtering. however, indicating that the K does not penetrate into 

the bulk. even at very high temperatures. This is an interesting 

phenc-nenon and is possibly indicative of the formation of a compound 

betw .. en the K and the i ron ox i de. K and i ron ox i de have been known 

to form a KzOoFezO) compound similar to K20·AI 2 0 J 

compounds (REF 5.23,5.24). 

The coadsorption of water and K on the Ge-doped single crystals 

of iron oxide was also stUdied. While at 120 K. the single crystal 

was first sputtered to produce the oxygen vacancy defect sites. and 

then the K was adsorbed. A K/Fe ratio of -1 was used in order to 

have a submonolayer coverage leaving some of the iron oxide surface 

area exposed. 

Hz thermal desorption spectra after water adsorption on the 

crystal with and without K are shown in Figure 5.25. The thermal 

desorption spectrum snowed only one low temperature H2 0 peak and 

two broad H~ peaks. one at -260 K and one at -410 K. The high 
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tempera ture peak is equ i va 1 ent to the H2 peak observed from the 

initial thermal desorption of water from the sputtered crystal 

wi thout K ad sorbed on the surface. The low tempera ture peak can 

then appropriately be assigned to the desorption of H2 as the KOH 

dissociates to form K20 or KzO-FezO] and the H desorbs to 

the gas phase as Hz molecules. This is supported by Auger data 

(Figure 5.25). The K/Fe ratios before and after the thermal 

desorption are the same. This demonstrates that the K does not 

desorb or penetrate into the bulk of the iron oxide crystal. The 

O/K and OIFe ratios increased which is consistent with the formation 

of both a potassium oxide and the filling of the oxygen vacancies in 

the iron oxide lattice. 

Again. the appearance of a single multilayer peak is not 

surprising since one would not expect water to desorb from K. so 

that there is no monolayer peak. either from the iron oxide or from 

the K. The lack of any additional H2 0 desorption peaks with the 

coadsorption of K is not surprising since the basal plane (001) of 

ct-FezOl iron oxide is so inert. However. this is not 

inconsequential since some reaction systems which involve iron oxide 

catalysts also involve alkali metal hydroxide solutions such as the 

photodissociation of water with SrTi0 1 single crystals (REF 5.25) 

or with iron oxides (REF 5.26). In the SrTi0 1 case it was also 

shown that the presence of different alkal i species played no role 

in the overall reactivity of the system. 
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Conclusions 

1) The basa 1 plane of a.-Fe Z 03 is extreme 1 y inert. Water 

phys i sorbs on 1 y as ice at low temperatures and desorbs in the 

range of 175 to 200 K. 

2) Argon ion sputtering produces oxygen vacancies 
/ 

that expose 

mostly Fez. species and lower the work function of the surface. 

3) Surface Fez" species are very unstable and disappear into the 

subsurface layers rapidly upon heating above 375 K. The 

subsurface Fe z
<- species are stable at temperatures up to 775 

K, for extended periods of time (> 30 minutes) . 
• 

4) Only surface Fe~· species chemisorb HzO strongly to produce 

OH s~gcies that decompose to give Hz upon I.eating. 
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Figure Captions 

A) Mode 1 of the corundum (001 ) structure. Sol i d 

circles represent Fe l .. ions, Open circles are the 

first layer of Oz- ions. shaded circles are the 

second layer of 0 2 - ions. B) LEED pattern of 

Nb-doped FezO] single crystals. Ebeam 102 eV. 

Electron mean free path correlation to electron 

kinetic energy. 

UHV analytical chamber interfaced with sample transfer 

cell/electrochemical cell. 

Mas s spe~trum show; ng res 1 dua 1 gas content in the UHV 

system after bakeout. 

Auger and XPS photoionization processes. 

Schematic diagram of the cylindrical mirror analyzer 

detector. 

Secondary electron emission and sample density of 

states. Work function measurements from changes in 

the onset of the seconaary electron emission in UPS. 

Schematic depiction of the photoionization process. 
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Energy distribution of Auger electrons and s--econdary 

electrons scattered from a sample. 

Figure S.lO. Translation of a crystal lattice structure to a 

fluorescent screen (Low Energy Electron Diffraction). 

Figure 5.11. UPS spectra taken with successive sputterin-g of a 

Ge-doped iron oxide single crystal. 

Figure 5. 12. UPS difference spectra (sputtered - fu 11 Y ox i d i zed) 

with sputtering time. 

Figure 5.13. Work function chang~s with time (measured by UPS) as a 

Ge-doped iron oxid~ single crystal sputtered with A.·. 

Figure 5.14. Measured changes in work function after sputtering a 

stoichiometric ~-Fe20J single crystal for 15 

minutes and subsequently annealing to 100.200.300. 

400 and 500°C in vacuum .. 

Figure 5.15. XPS spectra depicting valence states of iron. 

Figure 5.16. A series of thermal desorption sp~ctra of HzO from 

an oxidized stoichiometric iron oxide single crystal. 

Figure 5.17. A series of thermal desorption spectra of H~O from 
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partially reduced iron oxide single crystal. 

Figure 5.18. Arrhenius plot derived from thermal desorption data to 

obtain the heat of desorption of water from iron oxide. 

Figure 5.19. Sequential thermal desorption spectra of H2 from a 

partially reduced iron oxide. 

Figure 5.20. UPS spectra taken after the desorption of water from a 

freshly sputtered (reduced) iron oxide. 

Figure 5.21. UPS spectra taken after water adsorption on oxidized 

Ge-doped iron oxide single crystals. The temperature 

was stepped from 120 K to 760 K. 

Figure 5.22. UPS spectra taken after water adsorpti on on sputtered 

Ge-doped iron oxide single crystals. The temperature 

was stepped from 120 K to 760 K. 

Figure 5.23. Thermal desorption spectrum of H20 from 150 K to 

800 K. 

Figure 5.24. Hz thermal desorption from a Ge-doped iron oxide 

crysta 1. sputtered + K ------- sputtered 

Figure 5.25. Auger peak to peak ratios of the K/Fe ratio as the 

crystal temperature was ramped from 120 K to 1000 K. 
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