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Photoelectrochemical reactions of FeS, (pyrite) with H,O
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The photoelectrochemical behaviour of natural and synthetic FeS, (pyrite) has been investigated. In all
cases anodic photocurrents have been observed. From photocurrent spectra an energy band gap of

0.9 eV has been determined. The reaction of photogenerated holes produced on d-states of the Fe?* ions
with water leads to the formation of SO3™ as a corrosion product. This is contrary to the photoreaction
of RuS, with H,0 which yields oxygen, although the crystal as well as the electronic structure of both
compounds is equivalent. The differences are discussed in terms of the transition metal chemistry of
iron and ruthenjum, respectively. Like with other d-band semiconductors a shift of the onset of photo-
currents with the redox potential of electron donors has been observed. This study is part of systematic

investigations of catalytic requirements for the photoelectrolysis of water.

1. Introduction

Transition metal chalcogenides have been shown
to be promising semiconductors for electrochemi-
cal regenerative as well as photoelectrolysis cells
[1, 2]. They show remarkable stability against
anodic photocorrosion if their valence band can
be derived from metal d-states (n-type semi-
conductor).

With some metal chalcogenides it is possible to
oxidize H,0 producing O, at the semiconductor
anode, whereas with others only corrosion to
X0% (X =S, Se, Te) has been observed when no
additional redox couples are present. For example
with PtS, the photoassisted oxidation of H,0 to
O, is possible [3] whereas the MX, semiconduc-
tors with M = Mo, W, and X = §, Se, Te corrode
heavily in the absence of redox couples, in spite of
crystallizing in a similar layered type structure
{1,2,4].

As very promising material RuS, has been
tested for the photoassisted oxidation of H,0
showing very high quantum yields as single crystal
and no detectable side reactions [5, 6]. For an
understanding of the influence of the metal on the
reaction pathways, we considered it worthwhile to
study the photoelectrochemical behaviour of FeS,
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(pyrite) having the same crystal as well as elec-
tronic structure as RuS,.

Both compounds crystallize in a cubic structure
(space group Pa3) as NaCl with the anion sites
occupied by S3” ions. The S-S distances in FeS,
are 218 pm and the Fe-Fe distances 381 pm [7],
thus excluding strong metal-metal interactions.
Each iron atom is octahedrally coordinated by
sulphur (with slight deviations) with an average
Fe-S bond length of 226 ppm.

The strong octahedral crystal field of the S%~
ions removes the degeneracy of the d-orbitals
resulting in a t§,e2 configuration for the Fe?* as
is suggested by the diamagnetism of FeS, [8, 9].
The band structure is given in Fig. 1. A very broad
band mainly of sulphur 3p character is superposed
by anarrow band derived from the metal t,, levels.
The empty conduction band has mainly iron e,
character with some sulphur 3p mixing [8, 10-12].

This band model, which is also valid for RuS,
[13, 14], can be used to interpret the electric,
magnetic, and optical properties of solids with
pyrite type structure. The optical transitions across
the band gap (~ 1.8 eV for RuS, and 0.9 eV for
FeS,) occur between nearly nonbonding bands
derived from the metal d-levels. Therefore the
photogenerated holes, which arrive at the surface
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Fig. 1. Schematic band energy diagram for FeS, (pyrite).

on d-states, produce strongly interacting (chemi-
sorbed) intermediates thus decreasing the energy
requirement for the water oxidation reaction. Dif-
ferences in the reaction pathways can directly be
attributed to different catalytic effectivity of the
different metals.

2. Experimental details

The pyrite used in the experiments were from
different natural sources. For comparison,
synthetic FeS, grown by vapour transport has also
been tested. The results obtained were identical
in all cases. The crystals were cut into slices with a
thickness of approximately 1 mm along the planes
of the cubic lattice with surface areas between 10
and 40 mm?. The surfaces were etched for 10 min
with a mixture of 10 cm® H,0, solution (30%),
10 cm® hydrochloric acid (38%) and 20 cm® H,0
(alternatively aqua regia) to remove the residues
of the cutting procedure. These cleaned surfaces
show the same photochemical behaviour as the
natural untreated areas.

The ohmic back contact was made with
indium-mercury alloy. The crystals were fixed by
silver paste (3M) onto an electrode holder of
teflon (Vespel). The sides of the crystals and the
brass centre of the electrode holder were isolated
with epoxy (3M). As light sources either a 450 W
Xe-lamp (Oriel) or a 240 W W-amp (Oriel) were
used and the photocurrent spectra were obtained
with a monochromator (Oriel) equipped with
either a 500 nm or 1 um blazed grating.

Electrochemical studies were performed in a

closed electrochemical cell with purging by
nitrogen. The standard three electrode arrange-
ment was used with a platinum electrode as counter
and a saturated calomel electrode (Metrohm) as
reference electrode, respectively. All potentials
are given with respect to the SCE. Cyclic volta-
mmograms were measured with a potentiostat
(PAR 173)coupled to a scan generator (PAR 175).
In order to separate the large dark currents from
the photocurrent the light was modulated with a
chopper (PAR 9479) and the photocurrent was
detected with a lock-n amplifier (PAR 124A).
The ESCA spectra were recorded with a com-
mexcial electron spectrometer system (VG
ESCALAB MK 1) providing a pressure of better
than 5 x 1078 mbar during the measurements. The
specimens were fixed with silver paste to the speci-
men holders. The resolution (MgK, line) was
1.5eV (Ag 3 ds;, peak). The spectra were cali-
brated against C1s;,, = 285.0eV.

3. Experimental results

The electrochemical behaviour of FeS, in the dark
is similar to that of a metal. No blocking of cur-
rents can be observed as should be expected for

a good semiconductor-electrolyte junction. This
property and the low resistivity <1 Qem™ [15]
indicates a high doping level of natural pyrite.

In alkaline medium (Fig. 2) and during the
sweep to negative potential, the reduction of the
S ions in the lattice occurs (Ey (S37/8*) =
—0.76 V [16]) before the evolution of H, begins
at — 1.4 V. At this cathodic polarization a black
film, probably FES, is formed on the surface and
the smell of H,S can be noticed. In acidic medium
the onset of hydrogen production at — 0.50V is
followed by a chemical reduction of FeS, leading
also to FeS [17-20].

At positive polarization a corrosion reaction to
SO% and Fe® appears [19, 20], and a reddish
brown film is formed, probably containing hydrous
Fe(1IT)-oxide [21]. No oxidation of H,0 to O,
could be observed.

In spite of the quasi-metallic behaviour of the
FeS, electrode, photoeffects can easily be detected
with the aid of lock-in amplifier technique
(Fig. 3). All FeS, specimens investigated showed
the behaviour of a n-type semiconductor with
anodic photocurrents. In alkaline medium, the
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Fig. 2. Cyclic voltammograms of FeS, electrodes in

0.1 moldm™3 NaOH (Scan speed: 10 mV s™), The
reduction peak of O, is only present when purging with
nitrogen is not applied.

photocurrent decreases to zero at — 0.9V (vs SCE)
with a strong hysteresis exhibiting lower photo-
currents in the sweep towards positive potentials.
This hysteresis is also present if the potential does
not reach the photocurrent onset potential (e.g.

in acidic medium). Whereas negative polarization
destroys the photoeffects by forming the black
film, no strong influence of polarization to positive
potentials was detected. At higher positive voltages
the photocurrent does not increase much beyond
the value observed between — 0.5 and + 0.5 V.

The photocurrent responses to rectangular light
pulses at different potentials are included in Fig. 3
showing the different kinetics in these potential
regions. At — 0.67 V the rectangular anodic photo-
response indicates that the oxidation reaction is
not inhibited during the time scale of the exper-
iments (10 to 100 ms). Probably the reduction of
S%” by the dark current is reversed again by the
light driven oxidation. This assumption of a back
reaction is also supported by the photocurrent—
time curve at this potential (Fig. 4) showing only
a rather small decrease of photocurrent even when
a charge corresponding to 6000 monolayers has
been passed. An oxidation of S3 to elemental
sulphur cannot be noticed either.

At more positive potentials the photocurrent
response exhibits spikes typical for an oxidation
process to some intermediate, where the following
steps are rather slow, which is followed by a back
reaction (reduction) in the dark. When the poten-
tial range of the anodic dark current is reached,
the photoresponse curves change to more rectangu-
lar shapes again. These photocurrent transients
reflect the mechanisms of formation of an inter-
mediate and of the end product of the corrosion
process, respectively.

The spectral dependence of the photocurrent is
displayed in Fig. 5. The variation of the imaginary
part k of the complex refractive index with the
wavelength obtained by reflectance spectra [8],
has been inserted. The agreement for the bandgap
of a value of 0.9 ¢V measured in photocurrent
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applied potentials.
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Fig. 4. Anodic photocurrent dependence on time. The
point, where a charge corresponding 6000 monolayers
assuming the reaction Fe?* + h — Fe®* has been passed,
is indicated.

spectra with the data from the optical measurement
is reasonably good. The structures in the photo-
current spectra have been obtained with several
independent FeS, -crystals, although their origin

is not yet clear; in the optical spectra only weakly
pronounced shoulders can be recognized [8].

The addition of different redox couples to the
solution increases the measured photocurrents, e.g.
by a factor of 10 for V?*/V3*. In all cases the
photocurrent maxima can qualitatively be related
to the redox potential of the redox couple (Fig. 6)

photocurrent density /arb. units
N w ~ a [@)] ~J
T

0 1 1
0.5
eV

Fig. 5. Photocurrent spectra of FeS, (0.1 moldm™
NaOH, — 0.67 V vs SCE). The inserted curve shows the
complex refractive index as function of photon energy.
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as already shown for a number of other transition
metal semiconductors with d-state valence bands
[1,3]. In the case of FeS,, beyond the maximum
a subsequent decrease of the photocurrents is
observed with most redox couples (except for
I,/17) and it is correlated with a strong increase of
the dark current originating from the oxidation
wave at the non rectifying FeS, electrode.

The determination of the flat-band potential of
FeS, by capacity measurements has been
attempted. The capacity—-voltage curves could not
be analysed in the form of a Mott—Schottky plot,
assuming just a series resistor/capacitor equivalent
circuit. Probably the non ideal limiting behaviour
of the samples resulting from high concentrations
of impurities and/or crystal defects is responsible
for this behaviour. During the capacity measure-
ments a pronounced shift of phase with potential
was observed.

4. Discussion

The most striking difference in the photoelectro-
chemical behaviour of FeS, compared to RuS,

in aqueous electrolytes is the difference in the
reaction pathways of the holes reaching the sur-
face. Whereas with RuS, the oxidation of H,0 to
0, takes place without a significant corrosion
reaction even in the case of polycrystalline material
[5, 6], FeS, exhibits only corrosion without
detectable O, evolution. As the crystal structure
and electronic configuration of the two com-
pounds are similar, the reaction pathway is deter-
mined by the different influence of the metal on
the reaction products or their intermediates. From
the chemistry of ruthenium it is known that high
oxidation states can easily be reached in contrast
to iron of which only Fe!! and Fe!!! are reason-
able stable [23]. As the metal atoms on the
surfaces are far apart (d(Fe—Fe) = 381 pm,
d(Ru~Ru) = 396 pm [7, 24]) they cannot easily
cooperate in the oxidation reaction of H,O which
needs a transfer of 4 holes. Therefore the high
oxidation states (collection of several holes)

on the metal which also have been found for

the oxygen evolving metallic oxidation catalysts
ruthenium and RuO, [25, 26] are only possible
with RuS,, whereas in FeS, oxidation of the

S3~ groups will take place leading to a corrosion
to SO~ and Fe®*.
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In this context it is interesting to compare the
XP-spectra of RuS, and FeS, crystals (Fig. 7).
Whereas in RuS, the ruthenium and sulphur
binding energies can be attributed to the simple
ionic formula Ru**S3, in FeS, the sulphur peak
is split into one signal, which can be assigned to
the S3™ ion and a second one at higher binding
energies, which can be related to oxidized sulphur
(Table 1). The oxidized sulphur species on the
surface of FeS, is present on the etched samples
as well as on the natural areas. In addition the iron
2p3,, signal shows besides the peak of FeS, some
contribution of iron oxides at higher binding
energies.

1moldm™ XBr in 0.1 moldm™ H,SO,).

Moreover, the interaction of the metal with the
possible intermediates O3~ or O of the water
oxidation reaction is quite different for ruthenium
and iron, as is known from the coordination
chemistry of dioxygen species [30]. Whereas for
ruthenium only complexes with a peroxo ligand
(0%7) coordinated side on to one single metal
centre according to structure type I are known,
iron forms dinuclear complexes with bridging
03" groups (structure type II), and end on
superoxo complexes (O3 ligands, structure type
I1I) if the metal centres are too far away for
cooperative bonding of one O~ unit.
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Fig. 7. XP-Spectra of RuS, (a) and FeS,
(b) in the S 2p binding energy range.
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Table 1. Binding energies of RuS,, FeS,, and similar compounds (Calibrated to C 1 5,,, = 285.0eV)

S28,,," S2p Ru 3d,,, Fe 2p,,, Reference
RuS, 227.0 163.2 280.5 - -
Ru - - 278.8 - 27
RuO, - - 282.8 - 27
FeS, * 227.0 (233.4)* 162.8 (169.4)* - ~ 707 (~ 709, ~ T11)t -
Fe - - - 706.1 28
Fe,0, - - - 711.5 27
Na,S - 162.0 - - 27
Ss - 164.2 - - 27
82 -complexes - 16348 - - 29
Na,SO, - 166.7 - - 27
Na,S0, - 168.9 - - 27

* Oxidized S (SO,,) at the surface.

1 Oxidized FeS, (FeO, Fe,0,) at the surface.
For clean surfaces see [12].

§ Mean value.

0
0—0
N/ SO M '
M M 0 I
M
I I T

More detailed information on the intermediates
and kinetics as well as on the semiconductor
surface is necessary to understand the influence of
the metal ions on the reaction path of the photo-
generated holes completely.

Another interesting phenomenon which can
usually be observed for transition metal sulphide
semiconductors is the shift of the flat-band poten-
tials [1, 3], caused by a high number of surface
states or interbandgap states [31]. In addition to
this shifting of the photocurrent with the redox
potentials of the electron donor for FeS, elec-
trodes, a rapid decrease of photocurrent appears
when the potential exceeds the redox potential
leading to a pronounced peak with a maximum
nearly at the normal potential of the oxidation—
reduction coupling (Fig. 7). This photocurrent
potential dependence can be explained by an
electronic scheme for the transfer mechanism of
photogenerated charges. For this electronic
scheme it is assumed that the band edges are not
fixed at the surface, but are shifted parallel to the
bulk band shift and that the depletion layer is
rather thin. (For convenience it is assumed that
the potential drop will only occur through the

Helmholtz layer leaving the band bending un-
effected which is certainly not the case in reality.
But it is not easy to evaluate the relative percen-
tage of potential drop between the depletion layer
and the Helmholtz layer.)

The onset of photocurrent will occur when the
valence band edge reaches the electronic distri-
bution curve of the electron donor in solution
(Fig. 82) so that tunneling across the interface will
be possible. The photocurrent increases until the
Fermi level and the value of the redox potential
have nearly the same energy. At these conditions
also a dark oxidation current is possible by elec-
tron injection into the conduction band (Fig. 8b).
With further increase of dark current the actual
concentration of donor ions at the surface is
lowered with the consequence of decreasing the
photocurrent (Fig. 8¢).

5. Conclusions

In this work the photoelectrochemical behaviour
of FeS, as an electrode material for a photo-
catalytic solar device has been investigated. But in
spite of having the same crystal as well as elec-
tronic structure as RuS,, the observed reactions in
aqueous solutions are quite different: only a cor-
rosion to SO and no production of O, at
positive potentials is observed. This difference can
only be explained by higher catalytic activity of
ruthenium caused by its different chemistry. But
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Fig. 8. Proposed energy scheme for the redox reactions at the FeS, surface. The Helmholtz layer is displayed larger
for clarity. The interbandgap states are all represented as surface states. The band bending is assumed to be constant
(A =1.25V[33], AEG = 0.9 ¢V). (a) Onset of photocurrent (~). No dark current. {b) Maximum photocurrent (—).
Small dark current (< —). (¢) Small photocurrent (—). High dark current (« -).

for a detailed explanation the exact distribution
of electronic states must be better understood.

Because of the high number of charge carriers
present the natural pyrite specimen exhibit only
small photocurrents. But in principle FeS, could
be a promising material for solar energy converting
devices as it is rather cheap and has a reasonably
suitable energy bandgap of 0.9 eV, The Hall
mobilities obtained were 100 cm* V™ or less [32].
It can also be used as substrate material for
depositing thin layers of semiconductors with
metals of high catalytic activity crystallizing in the
pyrite structure. Experiments of this type are
performed in our laboratory.

There is also an interesting aspect to be men-
tioned in relation to geochemistry. The magnitude
of photocurrents observed with natural pyrite
indicates that photoelectrochemical mechanism
should not be neglected in discussion of natural
transformation and degradation of this abundant
material.
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