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ABSTRACT | |

| Po]ycrystalline sintered pe]]ecé of a-Fé20§ have been studied by
capacitance and photoelectrochemical techniques: The pellets exhibit (i),
photocurrent saturation at a.giveh wavelength with increasing applied

voltage, (ii), large dark currents at low applied voltage (0.76 ﬁA cm'2

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

levels of monochromatic irradiation, (iv), photdcurrent'onset at photon
energies greatec’than 2.1 eV and (v), flat band potentials of -0.67 v. SCE
at pH = 14. Capacitahce measurements fo]]owed a Mott-Schotcky re]ationéhip ‘
indicating a predominance of the semiconductor space charge layer over
surface states and electrolyte effects. No degradation of the semiconductor

properties could be observed at pH = 4.



INTRODUCTION
Interest in the production of hydrogen and oxygen uti1izing the solar
spectrum and semiconductor electrodes has led to a search forvanodically.

1-1

stable semiconductor electrodes with a low band gap (2.0 eV) The

generation of the electron-hole pair in n-type semiconductor surfaces
by visible radiation results, under anodic polarization, in a movement_ i
of the electron into the bulk of the semiconductor leaving the hole at

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

the e]ectrb]yte e.g.kHZO and produce oxygen or it can react with a component

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

conductor surface 1ayen. The latter prncess is by no means sétiéfactory,

'the degradation of the surfaée layer of the semiconductor resulting in poorer

opttcal response due'the.accunulation of an optically dense materia] (S |

in CdS) or_méteria] 1os$ from the semiconductor (Si). The hole left in the
semiconductor sufface must réact with a épecies in the electrdlyte'and - |

this species should, under idea] conditions, be water itself.

14 have been shown to be

Semiconductor electrodes e.g. T102]2’13, SrTiO3
abte to produce oxygen upon illumination under anodic polarization. However,

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

g

UV radiation to produce the electron-hole pair. When attempting to use the
solar spectrum; thié wavelength response_is»fér from satisfnctory and‘ | ‘ b
so attempts to find an anodically stable small band gap semiconductor
have been initiated.

One such material which has shown promise is Fe, 05 with a band gap of -

2.2 eV. It has been shown to be anodically stables’G’g’]5

6,9,15

. 'Studies of

both single crysta]é5 and thin films of Fe203 have shown that the

greater than 4, the photocurrent shows no deterioration under anodic



polarization even after.several hours continuous operation and many experiments
over several weeks. We report here the investigations carried out on
polycrystalline Fe203 sintered semiconductors.
,When a semiconductor electrode is contacted by an e]ectro1yte16,
an equi]ibrium is established in the system which is determined by the electron
'affinity Qf the semiconductor and the reduction.potential of “the reacting’
species in the so]utien Surface states on the sem1conductor may affect the
edui]ibrium; The e]ectron affinity and the reduction potential of the

electrolyte thus determines the amount of band bending between the bulk of .
the semiconductor and the semiconductor surface at equilibrum. For.high]y
doped semieonductors'the Fermi level of the semiconducior and the conduction band
level are considered to be isoenergetit'so that the amount of‘bahd bending
near the semiconductor surface is the'difference.between the conductien
band before the establishment of the equi]ibrium'and the flat band poteﬁtia]
EFB’ a measure of the conduction band of the semiconductor surface after
equilibrium is estab11shed '

The capability of a given semiconductor electrode to drive a given
reduction reaction is determined by the amount of band bending. If the
band bending is too sma]i, additional externaT biasing of the electrode will
be needed to enable the chemica1 reaction to proceed. From capacitance
measurementé, values of the flat band potential can be obtained and hence‘
decisions as to whether or not a chemical reaction will proceed at the
electrode can be_made. We measure the flat band potential fof polycrystalline
Fe203 sintered semiconductors and comment on the feasibility of hydrogen
and oxygen production at this single electrode. It has‘been shownz’3
that, for the_phbtoe]ectfolysis of water, a suitab]evphotbanode should

have a flat band potential at least as negative as that for SrTiO3 i.e.

-1.2 v-SCE at pH = 13.6.



EXPERIMENTAL

Sintered pellets of Fe203 were prepared by the standard ceramic
technique and was similar to the procedure used by Morin]7. The Fe203
(A11ied Chemical Reagent Grade) powder was mixed with TiO2 powder (Allied
Chemica]vReagent Grade) in known Ti/Fe atomic ratios by wetting bothApowders
with.doubly distilled watervand'agitating the re$u1ting'slur?y vigorously
for 30 minutes. _Thé slurry was thén dfied at 60-70°C at 500 torr and
thé resulting dry powder was crushed. The mixed powder was pelleted at
1500 kg 'cm'2 intolpellétS‘of typical dimensipns 1.3 cm (diameter) x 0.1
cm (thick). The pressed pellet was fired at ]TOO°C for 16 hrs. in air.
The resu]tihg Fe203 po]ycr&sta]]iné pellet was black with resistivities

10 $-cm depénding on the Ti content of the

varying from 1000Q-cm to 10
original powder. The higher the atomic % Ti, the lower the resistivity.
The samples were n-tybe as determined by both photoelectrochemica] and
capacitance measurements. . | |

4E1ectrica1 contacts to the Fe203 pellets was‘made with Ag epoxy on one
side as én ohmic contact’and the electrolyte oﬁ the other. The photo-
e]ectrbchemica] cell (PfC)land accompanying equipment used in this work
is shown in Fig. 1. The reference electrode wés a saturated calomel electrode
and the counter electrode was a carbon rod. The exposed semiconductor
surfaée area ih aI]Iexperiments was 0.071 cmz. The Fe203 was sealed to
a black p]exiglass support by gray Silicone Adhesive (RTV 3145 Dow Corning)
and the support mounted in the pyrex PEC'cell. The window of the cell
was quartz glass. | |

Current-voltage measurements were recorded with a PAR 173 Potentiostat

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

which was monochromatized with a Bausch and Lomb 33-86-02 Visible MOnOchfométor.

For wavelength greater than 500 nm, a Corning CS3-73 colored glass filter
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was used to remove 11ght of the second order. The entrance to exit slit
ratio was set at 1 8 with an ex1t slit of 2 mm and a resulting bandwidth of
12.8 nm. Photocurrents were recorded every 20 nm from the onset of the
photdcdrrent at 600 nm to 360 nm.

As shown in Fig.'1; the light path was split and a sample beam passed
to a photomultiplier tube (PMT) with a 200-600 nm spectral response (RCA 6903)

which together with suitable filters allowed a monitoring of the irradiance

on the semiconductor when mounted in the PEC'ce]] at eny time during the

experiment. Fluctuations of the source irradiance could then be corrected

for in all photocurrent measurements. TypicaT irradiances were 1.06 mW cﬁz

15 photons s'] em2. To further improve

at 520 nm corresponding to 2.8 x 10
the stab1l1ty of the calibration data, the reference light beam was modulated
at a f1xed frequency and the signal detected with a PAR 120 Tock-in amplifier.
Thxs ensured thatcdark drifts in the PMT would not shift the values of
the irradiance. The initial calibration of the PMT was carried out using
a Hewlett-Packard Rediant Flux Meter (8330A) and Detector (8334A) wifh
the detector mountéd in the position of the PEC cell.

Capacitance measurements were carried out using an erternal bias -
(Heath Reference Vo]tege Source), a 1650A General Radio Company Universal’
bridge with an internal 1 kHz oscillator and a Keithley 151 Microvoltmeter.
The voltage source proyided a reference'voltage between 0.0 énd + 1.0
volts. These vo]tdges were app]ied through the Universal Bridge in the

capacitance mode between the working Fe203 and the counter-carbon electrodes.

The voltages applied to the work1ng electrode were converted to voltages

with respect to the reference SCE electrode by sw1tch1ng in the microvoltmeter

pr1or to measur1ng the capac1tance measuring the voltage with respect
to the SCE electrode and then switching out the m1crovo1tmeter to measure

the capac1tance of the workwng electrode.



The electrolyte contact to the Fe,0, pellets was, fn an expefiments,
prepared with 0.1M K2504 as the supporting electrolyte and was either
buffered at.pH 4;01, 7.00, 10.00 with Mallinckrodt AR buffer solutions or
prepared at unbuffered pH 6.75 and 14.00 byAadjusting the 0.1M K2504 solution
with sodium hydroxide. A11‘chemicals were AR grade and all measurements .
~of-the-phbtocurfents were cérried'at 295 K. A]]Vphotocurrenﬁs were steady ' y
state measurements. | _

Resistivitieé of the sinteked Fe203 pellets were‘measured by DC and

AC resistance probes, the two results agreeing within experimental error.

RESULTS AND DISCUSSION

a) Reéistivity Measurements

Sintered polycry;ta11ine pellets of Fe203 have largé resistivities at
~room tempefature.and_are bésical]y intrinsic semiconductors with a band
gap of approximately 2.0 eV. Like other intrinsic semiconductors, the
'eleCtricalvpropertiéé can bé modified by doping the semiconductor with
‘either electron donors (n-type impurities) or electron acceptors (p-type
impurities). Titahium dioxide powder, when mixed with the Fe203 powder
and subSequent]y pressed and sintered, enters the afFe203 lattice

3

substitutionally as Ti+4 resulting in an Fe' Fe+2 charge transfer ',' | .

to maintain charge neutrality in the bulk semiconductor. The effect was ,
first reported by Verwey?8 and more recently applied to Fe203 by Morﬁn]7 _ >
to produce n-type semicohducting material. It was shown that 1hcreasing

amounts of Ti atoms produce lower resistivifies at room temperature.

‘Using a technique similar to fhat used by Morin (see experimental section),

pellets were made with resistivities from approximately 1000Q-cm to 10]09-cm.

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

‘greatest while concentrations greater than 0.5 at.% Ti have no effect



on the resistivity, the resistivity leveling off at 700Q-cm for at.% Ti
0.5. In all subsequent work, resistivities of 700Q-cm are used corresponding
to 1.0 at.% Ti.

b) Capacitance Measurements

Varying the voltagé between the working electrode and the counter
electrode results in a change in capacitance of the w0rkihg'é1ectrdde

16 (

and when plotted as a Mott-Schottky relation eqn. 1),_a straight line is

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

N

d/ct) /= 2/qe e Ny (1)

- where C is the capacitance (F cm'2) in the space charge region of the semi-
conductor showing that other capacitance due to the Helmholtz and Gouy

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

U is the applied voltage (volts) withvrespect to the SCE,q the electronic
vcharge (C)’Eb the permittivity,éf free space (F cﬁq), € the relative dielectric
constant of the Fe203 semiconductor in the space charge region and ND

the dqnor dehsity‘(cm'3). Since the réa] surface area of the polycrystalline
sintered pellet is unknown, ND cannot be obtained from the Mott-Schottky
slope{_

| The flat band potential éf the semiconductor at a given pH is obtéined,
however, by\eXtrapolatingAto zero on the 1/C2 axis. Values of the flat

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

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

the data obtained from a linear least squares analysis is approximately

56 mV/pH unit indicating that the surface of the polycrystalline Fe203
sintered semiconductor is chemically stable under the conditions applied
herelg. |

Table 1 summarizes the data obtained both here on the polycrystalline



sintered Fe,05 and that on thin 1’1‘1ms]5 and single crysta]ss. The data

for the voltage'at which the onset of the photocurrent is seen to occur ié,
in an ideal case, equaT to the flat band potential. The discrepancy between
the two sets of dafa is not explicable at present. Neverthe]éss, the
results obtained on the different types of semiconductor are in reasonably
good agreement at alkaline pH while at acidic pH avsignificaﬁtrdiscrepancy
between the thfck film and sintered pellet data is observed. Unfortunately,
no single crystal data was availab]é for comparison at low pH.- It should

be noted that thebthin films'showed 1nstabi]ity at pH of 4 while no degrada-
tion of the semiconductor could be observed, the photocurrents becoming
stéady after the typical initial decay (see next section). Possibly the
method of preparation of the thin films of Fe,0, made the thin films more
amenable to acid degradation since thin films-of Fe203 prepared by different
techniques have been éhdwn to be stable even at a bH of 49~ As further
evidence of the stability of the po]ycrysfa]]ine sintered-Fe203 at pH

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

from ihe capacitance measurements at a pH of 4 lies on the straight line
_connecting the flat band potentials measured at higher pH. Degradation

of the semiconductor surface is indicated in such plots of flat band
potentia]s versus pH by a strong deviation from the straight line at

values of the pH where the degradation_occurs. This effect is related

to the protonation of the oxide semiconductor surface when in contact

with an electrolyte and the resulting changes in the tharge distribution

in the space charge region of the semiconductor associated with this extra
adsorbed charge. Vafiation of the electrolyte pH changes the protonation

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

4

mV/pH unit change in flat band potential. Any degradation of "the semniconductor

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

accumulate protons with an identical capacity to the undamagéd surface
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-at high intenéity white light 1rradiationl The postulate

and so will not change the flat bahd potential by the normal 60 mV/pH
unit. | | o

No'capacftance measurements on the thin'fi]mé were reported so that
estimates of the flat band potential were only available from the data
on the vo]tage.onset of the photocurrent. As can be seen in Table 1,
a large discrepancy between‘the_onset voltage and the flat bandvpotential
exist in both the polycrystalline and single Crysta] Fe203.

c) Photoelectrochemistry

Steady state photocurrents_wefe recorded aftef fhe initial anodic
photocurrent traﬁsient, observed with monochromatic irradiation, decayed
after several minutes. A cathodic photocurrent transient lasting seconds
also was observed with thin‘film Fe203 énd can be seen with polycrystalline
sintered pellets upon the removal of the radiation. As with thin films,
the §ransients.(cathodic6 and anodics’g) merge into the photocurrent itself
6 of a Tight
intensity-independent back reaction competing at low level mohochromatic
irradfations with the forward electron'injection into the conduction band
would requife a high density of surface states at which the back reaction
could occur and which are ohly significant in the back reaction. Having
no'effectvon the forward’reaction,the surface states do not influence
the capacitanté measurements aT]owing a linear Mott-Schottky efféct to
be observed. This is not unreasonable on polycrystalline thin film and
sintered pellets. waevef, the effect might be expected to be reduced
on a clean single crystal surface. No results on the transient effects
on single crystals were available. Nevertheless, the photocurrent increases
linearly with.the irradiance at all wavelengths studied.

The polycrysté]]ine sintefed Fe203 electrodes showed sizeable dérk

currents at low applied voltages (+0.2 v. SCE; 7.6 x 107 A cm'z) which



10

increased rapidly at anodic voltages greater than +1.0 v.SCE. The presence
of both surface states and grain boundaries at the surface of the-poly-
crystalline Fe203.inhibited the formation of a true dep]efion 1ayer
characterlzed in the single crystal Fe203 by no large dark currents even

at applied vo]tages of +5.0 v.SCE and a saturation in the photocurrent

versus applied voltage responses. A degree of saturat1on can be seen

in the'photocurrent - applied voltage response curves (F1g 4 ’ofithe .

{

polycrystalline sintered Fe203. The sintered pe]]et 11es 1ntermed1ate -

6,9

~ between the po]ycrysta1line thin films 7 and the single crystal.5 A; '

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

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

600 nm corresponding to a band gap of approximately 2.1 eV.S’6

Going from acidic to alkaline pH resu]ts in a cathod1c sh1ft in the
onset vo]tage of the photocurrent and a plot of V v versus pH resu1ts ’
in a stra1ght line with a slope of approximately 60 mV/pH unit. Simi]ar

work on T102 single crystal e]ectrodes gave also a s]ope of 60 mV/pH unit

attributable to the presence of the protonated semiconductor surface 1ayer.]9

20 2,~-1 -1

Using a value™ of 0.1 cmV " s ' for the mobi]ity of the electron

in Ti duped n-type Fe203 and a value of 700Q-cm for the resistivity

(1.0 at.% Ti), the ionized donor density (Ti+4)

16

can be calculated to be
| 8 x 10 Using this approximate value for ND and the Moft-Schottky
relation (eqn. 1), the real surface area of the polycrystalline sintered
Fe203 pellet is 1.04 cm2 which gives a real to apparent surface erea of
15. In the calculation of this value, the value of 120 was used for the
relative dielectric constant of Fe2035. Thus, although the real surface

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

Fe203, Tittle more can be drawn from these numbers due to the large )
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11

uncertainties in'the mobility and the dielectric constant.

CONCLUSION -
'Ironvoxide can be formed ihto n-type semiconductor by doping with
Ti atoms and sintering the pellet to obtain a polycrystalline semiconduttor

6,9

intermediate in properties between the polycrystalline thin film and the

51hgle crysta]s. The net photocurrent saturates with increasing anodic

. polarization due to the>dep1etion layer formed at the semiconductor electrolyte

“interface even thbugh large dark currents are observabTe at as little

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

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

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

spectral response of the Fe203 is a fairly good match with the solar spectrum,

the flat band potentia1‘is inSufficieht1y negative (less than -1.20 v.SCE)

to be able to produce hydrogen from water even though sfable oxygen evolution
is observed.?! To act in a self-sufficient solar cell, therefore, it
must be combined with a stable p-type photocathode.' We are, at present,

conducting research in this area.
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-LIST OF CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

0.1 MK

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

Experimental Equipment for measuring Photoelectrochemical

Properties of a Working Electrode.

«

App]ied'Voltage Effects on the Capacitance of the Fe203 - Electro-

lyte Interface measured at a frequency of 1 kHz. 'Electr61yt? S v

2
X, 14.00 (not buffered).

S0, at a pH of e, 4.01 (buffered); o, 10.00 (buffered);

'Hydrogéh Ion Cohcentration Effect on the Flat Band Potential

(Egg) and the.Onéet Voltage (Vgy) in 0.1 M K,S0,.

Efficiency of Free Electron Formation per Incident Photon as a
function of Applied Voltage at 0.1 M K,S0, and pH of 6.75.
Wavelength of the incident radiation 0, 540 nm; o, 500 nm;

\

x, 440 nm.

Photoaction Spectrum of Fe203‘1n 0.1 M K,S0, at a pH of 6.75
at different applied voltages vs. SCE e, + 1.0 v.SCE; o,




©

o

pH

4.00

4.50.

-~ TABLE 1.

‘Comparison of Onset’Vo]tage'and Flat Band Potentials

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

and Polycrystalline Sintered Pellets (III);‘ o

15

- +0.4

6.30 -

6.70

8.60

10.00
14,0

+0.2

-0.2
-0.4

on
II

+0.23
+0.22
+0.12

-0.36

(v.SCE)
111

+0.2

0.0

-0.2
-0.4

I

(v.SCE)
I

-0.1
-0.1
-0.41

-0.67

15

II1

-0.06

-0.4
-0.6
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