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ABSTRACT

Band edge locations for both p—-type and n-type iron oxide semiconductors
in a sodium hydroxide aqueous solution are determined fram differential
capacitance measurements. The thermodynamic feasibility of the catalytic
photodissociaﬁion of water without extephal potential is demonstrated for a
short-circuited p/n diode assembly on an energy level diagram depicting
the electrode/electrolyte interfaces. The photooxidation of water at the
n;type anode has been verified. Oxygen evolution is mopitored fran an
operating diode assembly using mass spectrometry and isotopically labelled
water (H218O). Photocurrents fram these phqtochem;cai cells show
excellent long term stability and Auger analysis Qf the semlconductor

surfaces indicate no evidence of electrode dissolution.



INTRODUCTION

The photoelectrochemical generation of hydrogen and oxygen from
water in semiconductor based systems has been achlieved in two different cell
configurations. One uses a metal cathode, usually platinum, a semiconductor
anode with only the anode illuminated, and an external bias (1). The
other émploys two semiconductor electrodes, (2,3) a p-type cathode for
hydrogen production and an n-type anode for oxygen production,
with both electrodes illuminated by light of bandgap or higher energy.
The Mg-doped p-type iron oxide/Si-doped n-type iron oxide photochemical
diode as described by recent reports from our laboratory (2) belongs -to

the second group.

h ]
Iron oxlide satisfies most of the requirements for an ideal solar energy

converting material. It has a band gap of 2.3eV (4) which allows

40% of incident solar radiation to be utilized; It also exhibits excellent
stability in aciéic and alkaline electrolyté solutions. Most attractively,
it has been shown that in a short cihcﬁited configuration, é Mg~doped p-
type iron oxide cathode with a Si-doped n-type iron oxide anode can

photodissociate water with no applied external bias (2).

In this work a more complete characterization of the Mg-doped and Si-

doped iron oxide electrodes is described. In addition, we present advances in the

v
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operation and stability of the p/n diode assembly. Depletion layer
capaciﬁance measurements have been used to determine the flatband potentials
énd band edge locations for the n- and p~type iron oxide electrodes. A
detalled energy level dlagram is presented to support the feasibility of
water dissoclation using an iron oxide p/n diode assembly with no external

applied potential.

Oxygen gas production from an isotopically labelled water (H2180)

solution has been monitored by means of mass spectrametry. Detection of

3”02 confirms that the catalytic oxidation of water occurs at the n-type

iron oxide photoanode.

Extended studies of measured photocurrents with time obtained from
an operating p/n diode assémbly have.shown that an induction period of

approximately 80 hours occurs in which the photocurrent steadily rises

before reaching a plateau of 15uA. Integration and stabillity of_the photocurrents

after more than 360 hours of operation emphasizes that electrode dissolution

does not occur.

FEXPERIMENTAL

I. Preparation of Doped Iron Oxide FElectrodes.

The procedure for preparing.p—type and n-type doped iron oxide
electrodes has been presented in detail previously (2). Mixing
powders of MgO or SiOp with a-Fep03 results, respectively, in a p-type
or n-type doped iron oxide semiconductor. These mixed powders are
pressed, sintered, and rapidly cooled in water. Finally, the doped iron

oxide discs are mounted on a conductive backing of silver €pOxXy .«



.
All experiments in the work presented here have been performed with

a 10 atomic percent Si doped iron oxide anode and/or a doped iron oxide

cathode containing 5 atamic percent Mg.

IT. Depletion lLayer Capacitance Measurements.

Capacitances of the semiconductor space charge layer, Cge, were
independently determined as a function of applied voltage for both the
p-type and n~type electrodes. The electrode configuration consisted of a
standard three electrode electrochemical cell containing a mercury oxide
reference electrode, a platinum counter electrode, and a doped iron oxide
anode or cathode Immersed in a 0.01 N NaOH solution. An AC voltage with
a frequency of f = 1.5 kHz was superposed on the DC voltage applied to the
working electfode from a Pine RDE potentiosﬁat. Tests were performed
" wnder illumination of 35m\«!/c:m2 vi‘n’censity focused from a tungsten halogen
lamp. Depletion layef' capacitances were extrécted from the phase shift
of the AC current out relative to the AC voltage in by use of a PAR NModel

124A lock-in amplifier.

IIT. Detection of Water Oxidation Products from a p/n Diode Assembly.

A schematic diagram of the apparatus is shown in Figure 1. It
consists of a stalnless steel cell equipped with two quartz windows permitting
simultaneous illumination of both iron oxide electrodes. Light of
approximately 5mW/cm€ intensity was focused with quartz optics and passed
through a 5cm water fllter to absorb IR radiation before entering the

cell. A 0.01N NaOH/HoO solution containing 6% 1isotopically enriched
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H2180 (Alpha Ventron Distributors) was used as the electrolyte solution.
Gases produced from the water dissociation proéess were circulated with a
small meéhanical pump in a closed stainless éteel'IOOp containing Ar
carrier gas which passed above the electrolyte solution. Gas samples were
extracted from the loop at 24 hour intervals and injected 1ntdvan UHV chamber
for mass spectral analysis.
RESULTS

I. Differential capacitance measurements . Mott;Schottky plots and energy

level diagram for the p/n iron oxide photochemical diode.

Previously, we reported the successful photodissociation of water in
an unbiased p/n diode assembly consisting of doped iron oxides (2).'_
In this assembly, a Mg-doped (fhtype) electrode and a Si-doped (n=type)
iron oxide electrode acted as a photocathode and photoanode, respectively,
for the reduction and oxidation of water. The spontanebus occurrence of
these two pPOCésses under 1llumination is thennodynamibally feasibie 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, a necessary condition
for hydrogen'prbduction is that the COnductioﬁ band edge of the Mg-doped
iron oxide must lie at a potential more negative than the hydrogen redox
couple. Cdncdnnitantly, electron vacancles okidizing hydrbxyl 1ons
move spontaneously toward lower potentials. Thus, fof water oxidation to occur,

the valence band edge for the n-type semiconductor must be more positive
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than the standard potential for water oxidation (1.23V, RHE). ILocations
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.

Differential capacitances of the semiconductor space charge layer
(Cge) with applied potential (Vg) were measured independently for both
the p- and n-type electrodes. Following the Mott-Schottky relation

(5, 6).

2 - 2y 1
1/Cg.~ = 2(qeeoA N) (Va -Vep) [1]
flatband potentials (Ve ) were extracted from the intercept on a plot of

the reciprocal capacitance squared (1/C502) against applied voltage (Vé).

The Mott—Schottky plots for a 5 atomic pércént Mg-doped and a 10 atomic
percent Si-doped iron oxide electrode are shown in Figure 2. Voltages are
given relative to.a reversible hydrogen electrode so that the hydrogen
redox couple remains at OV,RHE and the oxygen redox couple at 1.23V, RHE
independent of the pH of the electrolyte solution. From the Mott-Schottky
plots of Figure 2 the flatband potentlals for the n-type and p-type
electrodes are 200mV and 2300mV(RHE) respectively. With these values

and the bandgap of a-Fep03 (2.3eV) (4) band edge locations can be
designated on an energy level diagram as shown in Figure 3. For heavily
doped semiconductors, the fermi level is nearly coincident with the band
containing the majority charge carriers. Thus, in the n-type semiconductor

the flatband potential designates the location of the conduction band
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edge (Eqp ~ Efp = 200nV,RHE). 'This places the valence band edge of the n-type
electrode at 2500nV,RHE, so that the photoproduction-of oxygen 1s easily
accanplished. More notable 1s the colncidence of the conduCtion band
edge of the Mg-doped iron oxide electrode with the hydrogen half cell
reaction potential. Equating the valence band edge to the flatband
potential (Eyp = Efp = 2300mV,RHE). and subsequently subtracting the band gap
energy (2.3eV) places the conduction band edge at OV,RHE. With this
result it is evident that an illuminated and short circuited p/n diode
assembly can photodissoclate-water to form hydrogen and oxygen gases

without applying an external bias.

In addition to values of the flatband potential donor or acceptor
concentrations N, can be obtained fran the Mott—Schottky plots of Figure
2. The slope of the linear region in which relation [l] is obeyed is |
given by S = 2(qee A2N) -1 where q is the charge on an electron, o 1s
permittivity of free space, ¢ is the dielectric constant for the sample
A is the electrode area, and N is the donor or acceptor concentration. 4
Surfaces oflthe doped iron oxlildes have an arealroughness factor of approximately
10 as measured in a krypton—helium BET apparatus (7) (Quantasorb | |
" Surface Area Analyzer Quantachrome Corp ) Fran the value of A = 6cm2
for the area and the dielectric constant for pure a-Fe03 (e = 100)
(8) the acceptor or donor concentrations are Ny = 5x1016 -3 for the
Mg—~doped samples and ND 2xlO18 -3 for the Si—doped electrodes. Due to
uncertainties in the dielectric constants for the doped iron oxides and
in surface area determinations carrier densities are correct only to

within an order of magnitude.
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II. Oxygen detection during the photodissoclation of water in a p/n
dlode assembly.

Previously, hydrogen was detected by gas chramatography from an
illuminated unbiased iron oxide p/n diode assembly. Predicted hydrogen
production from integrated photocurrents correlated well with detected
amounts of hydrogen gas. With the confirmation of the band edge locations
shown in Figure 3 and the previous detection of hydrogen gas, it follows
that the measurement of stoichiometric amounts of oxygen from the assembly
would be the next important investigation. 'Detection of oxygen by gas
chramatography was not possible due to the presence of additional sources
of oxygen, both dissolved in the electrolyte solution and entering the
closed loop system. through very small leaks. However, the use of
isotopicaliy‘labelled watef (H218O) and a mass spectrometer has permitted
the detection of photoproduced oxygen as 3“02. Initial analysis of the
gases invthe closed loop system showed no measureable traces of 3“02.
Oxygen productioﬁ was Initiated by closing the circuit between the two
electrodes and halted by opening the circuit. Figure 4 shows the 3”02
partial pressure as a function of time for a p/n assembly giving an
average photocurrent of 2uA. Constant 1llumination was provided to
prevent variations in solution temperature and spurious gas production from
outgassing. As seen in Figure 4, the 3402 partial pressure 1increased
during those periods in which the circult was closed and current was
flowing. During the open circuit intervals the concentration of 3“02

decreased slightly and then remalned constant, as expected. The short



delay in the observable onset of 3“02 production results from the time

needed for oxygen in the solution to equilibrate with the gas phase above

the solution. . -

Due.to leaksvfrom the systen a direct comparison of oxygen production
and integrated photocurrents was not possible.' Instead correspondence
between oxygen yield and photocurrent was detennined by the ratio 3402/3202
Calculation of the relative oxygen (340 and 3202) yields involved two
assumptions.v Firstly, no spontaneous water dissociation occurs so that
the oxygen initially dissolved in the NaOH/H 18O./H 16O solution consists only
of 32O and no 3 02 Secondly, under equilibrium conditions the ratio
of 3“02/3202 in the gas phase above the electrolyte solution s equal to
that in solution. EStablishment of this equilibrium was also assumed to
be fast as cqnpared to sampling frequency (once every 24 hours) The
relative amounts of 3”02 and 3202 that are expected to be produced depend
on the relative probabilities of 16OH- and 18OH- oxidation at the anode.
From a solution containing 6% isotopically labelled B l80 the detectable
concentrations of oxygen isotopes present at any time (t) are |

[3202] Co +0.88 rt [3402] - o 12 rt |
where r is the rate of oxygen production. The concentration of 3202
initially saturating the solution Co, was calculated fram Henry s Law to
be llxlO18 molecules per 15 ml H2O With these calculations the observed |
total oxygen production showed good correspondence (within 20%)
with the predicted value. After the 340 hours of intermittent gas production
the predicted value for the ratio of 3“02/320é was 0.059. The measured

value was 31102/3202 = 0,047,
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III. Long term stability of the p/n iron oxide photochemical diodes.
Other important factors governing the viability of technological
develomment of an iron oxide p/n diode assembly for solar energy conversion .
is the long term stability of the system and the catalytic nature of the
photodissociation process. In the past, we found that the photocurrents
for our iron oxide based p/n assemblies would gradually decline over an 8
hour period until finally reaching zero. The iron oxide electrodes were
regeneréted by purging the electrolyte solution with pure oxygen gas.
Auger analysils ofAthe electrode surfaces revealed large amounts of carbon
present, possibly originating from organic contaminants in the electrochemical
cell or other parts of the system. Recently, in a separate experiment, a
p/n diode assembly was il}uminated in solution while the photocurrent from the production
of Hp and Op gases was monitored as a function of time. While an all glass
cell was used as in previous experiments, the use of stopcock grease was
eliminated. Conductive leads to the electrodes were isolated by silicon
rubber sealant from the electrolyte solution prepared with doubly distilled
water (specific resistance greater than 2x106 Qem—1) as in all other
experiments reported here. The results of this electrode stability test
are shown in Figure 5. At first exposure to the solution a photocurrent ~
of 3uA was measured. During the succeeding 80 hours the photocurrent
steadily increased until 1t reached 1ts maximum valﬁe of 15pA. Dark
currents throughout the test were <0.0luA. The p/n assembly was

continuously illuminated for another 240 hours during which time
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a steady photocurrent of 15uA persisted. No visible corrosion

of the electrodes was detected. 320 hours of operation of a p/n diode assembly
producing 10uA of current would result in the dissolution of approximately

one tenth of the electrode if the doped iron oxide electrodes wére being
reduced. Comparison of the surface compositions of the electrodes with

Auger electron spectroscopy before and after extended operation showed no

change, supporting the conclusion that photocurrents are not a result of

electrode degradation.

Integration of the observed photocurrents over the 320 hour duration
of the stablility experiment suggests that a total of more than 5,000
monolayers of hydrogen and 2,500 monolayers of oxygen were produced.
This shows that the photodissociation of water by Mg- and Si-doped iron

oxides is indeed catalytic.

DISCUSSION

The results of the Mott-Schottky capacitance curves yield an energy
level diagram for the p/n diode assembly that indicates that both hydrogen
and oxygen can be produced from water without an external potential when
the semiconductor electrodes are doped in the proper mamner. The shift
of the conduction band edge of the p-type iron oxide by 200mV as compared
to the n-type electrode can be attributed to the effect of introducing Mg
ions into the iron oxide lattice. Butler and Ginley (9) have proposed
a model in which the electron affinity of a composite system can be

calculated using the geometric mean of the electron affinities of the
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constituent atams. Thus, substitution of Mg dopant atams (EA = 1.2eV)
with an electron affinity less than that of the silicon atoms (FA = 1.8eV)
in the iron oxide lattice lowers the effective electron affinity of the
semiconductor and shifts the band edges toward more cathodic potentials.
Doping with Si on the other hand only enhances the intrinsic n-type
character of the ilron oxide (1) since the electron affinities are very

similar (EA of Fe = 1.7eV).

Comparison of the acceptor_and donor densities of the p-type and n-type
electrodes shows that the effective doping level of the p-type
material leads to carrier concentrations two orders of magnitude less
than in the n-type material. Consideration of the acceptor density of
the p-type electrode and the effect of shifting fhe conduction band edge
to more favorable cathodic potentials suggests that additional doping
might further improve the conditions for hydrogen reduction at the p~type cathode

in a p/n diode assembly.

Furthermore, homogeneous acceptor and donor distributions in both
the p-type and n-type semiconductors may produce samples with more
consistent photocdrrents in a p/n diode assembly. Observed curvatures in
the Mott-Schottky plots shown in Figure 2 may be due to inhomogeneous
dopant concentration (10), particularly for the p-type electrodes.

Since p-type Mg-doped electrodes are a new aspect of the iron oxide

system, sample preparation has not been perfected. For the p-type electrodes
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with 5 atan percent Mg doping only about 0.002 percent of the Mg ions

enter the iron oxide lattice substitutionally. 'The vast majority of the

Mg probably remains in-its original oxide form (Mg0). Similar calculations
for the n-type electrodes show that only 0.05 percent of the Si contributes
to donor levels. Scanning Auger microscopy has shown that much of the
silicon aggregates-in silicon rich precipitates, particularly at the
surface (2). Thué, it might be beneficlal to explore alternative methods

of incorporating ions into the iron oxide lattice other than sintering at

high temperatures.

As described earlier, differential capacitance measurements indicate
the potential for the fermi level under flatband conditions and in turn
the location of the band edges of the seﬁiconductors. The operating
potential of the illuminated p/n diode assembly was measured separately
against a HgO reference electrode. Fram this the degree of band bending
can be obtained. As shown in Figure 3 the fermi level of the operating
p/n assembly lies near 750mV,RHE. This same figure shows that the band
bending near the surface of the n-type iron oxide is about 550mV, while
at the p-type iron oxide surface the bending is greater than 1500niV.

With charge carrier concentrations from the Mott-Schottky plots

and the band bending vélues (Vpp) from Figﬁre 3, depletion layer widths can
also be calculated. With Wy=(2ee Vgp/aN)1/? the depletion layer widths in
an operating p/n assembly for the n-type and p-type electrodes are approx-—

imately 500A and 5,000R respectively. These results are
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tabulated in Table I along with a summary of the flatband potentials,
charge carrier concentrations, and band edge locations for our Mg-doped

and Si-doped iron oxide electrodes.

The stability of Mg~ and Si-doped iron oxlde electrodes is substantiated
by both the oxygen detection experiment and the long term stability tests.
Detection of 3“02 production verifies that the oxidation of water is
occurring at the n-type iron oxide electrode and correlation of the total
oxygen production with integrated photocurrents strongly refutés electrode

dissolution as a possible source of observed photocurrents or gas production.

The 80 hour induction period described in the stability eiperiment
is perhaps a result of a slow alteration of the surface states on the
electrodes. ESCA studies are belng conducted to probe the possibility of
the formation of hydroxylated intermediates or the oxidation of near
surface layers as possible explanations. Attempts to simulate the
proposed oxlidation process broved unsuccessful. Heating the doped iron
oxide electrodes to 50-150°C in a flowing oxygen atmosphere for 6 hours
dramatically improved the‘conductivity of the samples but had little
effect on the photocurrent. A transient negative photocurrent was observed
for a short period of time in a p/n assembly after both electrodes were
heated in an oxidizing atmosphere suggesting that the oxygen treatment was
being reversed on at least one of the electrode surfaces. Heating the
samples in water vapor did decrease the induction period of the assemblies,

but did not affect the final value obtained for the photocurrent of a

given p/n assembly.
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The sintered and doped iron oxide photoelectrochemical dlode assembly at present
has a low conversion efficlency (n =0.05%) for solar energy to Hp and O,.
Uniformity of doping, control of the surface canposition and surface
states, the possible use of catalysts to accelerate atom recombination,
and more desirable electrode configurations (thin films, single crystals)
can all ﬁnprove the degree of power conversion. Calculations using
idealized models (see Appendix) indicate that a power convérisén efficiency
of about 14% may theofetically be attained. Since the p-type iron oxide
Sample appears to 1limit photocurrents and photodissociation rates, future

work will be directed toward improving the p-type cathode.
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APPENDIX

Photoelectrochemical cells for the conversion of solar radiation to

chemical are of two types: a semiconductor photoelectrode (usually an
n-type anode) coupled with a metal (usually Pt) cathode, or a cell
in which both the anode and cathode are illuminated semiconductors.
We present theoretical maximum obtainable efficiencies for an iron oxide
based system in éither configuration, A comparison of efficiencles, obtained
as a function of the applied potential difference between the two electrodes
shows that a short circuited p/n diodé assembly is the more efficient method
for producing hydrogen.

Fnergy level diagrams are presented for both configurations, Figure 6.
For the single electrode system, we consider an n-type doped o-Fex03 elec-
trode with Vey, = 200mV (RHE) and Eg = 2.3eV. 'The band edges at the semi-
conductor/electrolyte interface are assumed to remain fixed. Since the con-
duction band edge of the n-type electrode lies anodic of the H%/H2 redox
couple, an applied bias between the metal electrode and the semiconductor
of Vy > 0.2V is needed for the photodissociation process to begin. As
ﬁhe potential difference between the two electrodes 1s increased, the
valence and conduction bands will bend in the direction of the arrows as
shown in Figures 6a and 6b.

The two semiconductor electrode system shown in Figure 6b considers
an n-type o-Fep03 electrode against a p-type a-Fex03 electrode with
flatband potentials of 200mV and 2300mV respectively. TFor simplicity, we
presume equal and oppositevband bending on the two electrodes, and assume

that the donor and acceptor densities are also equivalent. This yilelds.
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This yields identical depletion layer which were chosen to be constant,
Wq = 1000A.
Following arguments from Scaife (11), the total photocurrent from an
11luminated semiconductor is
Jp = meg/h e (v) (1-exp(~a(v)WyVyp, 172y gy
where ¢(v) 1s the solar flux at frequency v(12), a(v) 1s the absorptivity
for iron oxide (13), Wy is the depletion layer width, and Vp, is the amount of
band bending near the semiconductor/electrolyte interface. If the solar
energy conversion efficiency is defined as

n = Net energy extracted
Solar energy input

then a simple expression for this efficlency when the energy 1s stored as
hydrogen is given by

n = (1.23 - Vg)J/Erp
using an integrated solar flux (12) of Ep = 83mw7cm% Here we have included a term
accounting for energy expended (-VyJp) to maintain the external bias.
A camparison of limiting efficiencies for one and two electrode assemblies
of iron oxide at various applied potentials is shown in Figure 7. The iron
oxide p/n assembly has a potentially greater solar conversion efficiency than
the semiconductor/metal electrode system. The p/n assembly has an optimal
efficiency of almost 14%, while the best to be expected from the other system
is about 5%. Reasons for this are clear. In our idealized model, it is the
degree of band bending whch determines the ultimate efficiency. The p/n
assembly offers substantial band bending of greater than one volt even with-
out applied potential. The n-type iron oxide against a Pt cathode, however,

requires considerable bias to achieve the same effect.



-18-
While.regulating the potential difference between the two electrodes
improves the efficiency of the single electrode system up to V5 = 0.6
volts, the application of external bilas as shown in Figure 7 does not improve
the efficiency of the p/n assembly. Band bending is already so large
that additional bending provided by the external potential increases the
maximum obtainable photocurrent only slightly. In fact, the net efficiency
actually decreases due to the energy input required to maintain this potential.
It should be emphasized that efficiencies calculated here are theoret-
‘ical maxima, and will not likely be attalned in operating systems. In practice,
other factors including reflection losses, surface and bulk recombination,
and surface state effects will reduce these efficiencies. It
does abpear that in many situations p/n assemblies will offer efficiencies

greater than biased semiconductor-metal electrode cells.
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~ FIGURE CAPTIONS

Figure 1: Schematic diagram of the apparatus for oxygen detection from

an operating p/n diode assembly.

Figure 2: Mott-Schottky plbts of the inverse square of space charge
capacitance (1/030)2 versus applied potential (V,) for
n-type and p-type electrodes., Performed at 1.5KH3 frequency

in 0.01 N NaOH agalnst a Pt counter electrode.

Figure 3: Energy level diagram of the electrode/electrolyte interface

for a short circuited p/n assembly.

Figure 4: Oxygen production from an operating p/n assembly. Mass spectrometry
was used to monitor 3402 production from water enriched with

isotopically labelled H218O.

Figure 5: Photocurrent stability for the unbiased p/n assembly.

Figure 6: Fnergy level dlagrams for a) a single semiconductor electrode
metal electrode system and b) a semiconductor/semiconductor
electrode system.

Figure 7: Solar conversion efficiencies as a function of applied potential

(V4) between the electrodes.
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ENERGETICS OF CONNECTED P-TYPE AND N-TYPE IRON OXIDES
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From the Mott-Schottky 'plofs and the energy level diogrom
we obtain: -

p-type iron oxide n-type iron oxide

Conducfioﬁ band - ~0mv ~200mV
edge |

Valence band edge | ~23QO _va ~2500 mV
Band bending - ~[15350 mV ~350 mVv
Majority carrier ' | ~5><IO'6cm"3 ~2><IO'8cm‘3

concentration

Depletion layer ~5000 A ~ 500 A
width

XBL836-5786

Table I.
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