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Abstract

The atomic-scale structural changes in an o-Fe,Os; (hematite) (0001) surface induced by sulfidation and subsequent oxidation
processes were studied by X-ray photoemission spectroscopy, LEED, and X-ray standing wave (XSW) measurements. Annealing the
0-Fe,05(0001) with a H,S partial pressure of 1x 1077 Torr produced iron sulfides on the surface as the sulfur atoms reacted with
the substrate Fe ions. The oxidation state of the substrate Fe changed from 3+ to 2+ as a result of the sulfidation. The XSW measured
distance of the sulfur atomic-layer from the unrelaxed substrate oxygen layer was 3.16 A. The sulfide phase consisted of three surface
domains identified by LEED. Formation of the two-dimensional FeS, phase with structural parameters consistent with an outermost
layer of (111) pyrite has been proposed. Atomic oxygen exposure oxidized the surface sulfide to a sulfate (SOi’) and regenerated the

a-Fe,03(0001) substrate, which was indicated by a (1 x 1) LEED pattern and the re-oxidization of Fe to 3-+.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the past decade the thermal decomposition of
hydrogen sulfide has drawn increasing research interest
due to its application for mass production of hydrogen
gas and elemental sulfur [1]. For H,S decomposition vari-
ous sulfides and oxides of transition-metals have been used
due to their catalytic activities in the reaction of hydrogen
sulfide [2]. Among these materials iron sulfide can be easily
prepared via H,S heat treatment of iron oxide. Further-
more iron oxide can be easily re-generated by annealing
iron sulfides in air or under oxygen flow and can be re-used
[3] Iron oxide is also a well-known oxidizing reagent and
oxidation catalyst for H,S [4-6]; iron oxide also has been
used to remove H,S from natural gas [3] or to immobilize
contaminants of sediments [4].
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Hematite (a-Fe,O3), the most stable form of iron oxide,
has been studied for application in gas sensing, catalysts,
and pigment due to its low cost and high resistance to
corrosion [6,7]. The reaction of H,S with a-Fe,O3 has been
understood under the following stoichiometry: 3H,S+
a-Fe, O3 — Fe,S; + 3H,0, and the subsequent decomposi-
tion of Fe,S; asFe,S; — FeS + FeS, [8.9].

The stoichiometries of the re-oxidation process are:
4FeS + 302 — 2FCQO3 + 4S and 4FCSZ + 302 — 2F€2 O3—|-
8S.

However, the atomic-scale structural changes of o-
Fe,03 induced by its sulfidation and the re-oxidation have
remained largely unexplored. For example, how does the
a-Fe,O3 substrate accommodate sulfur and form iron
sulfides? The change in the adsorption geometry of sulfur
during re-oxidation of iron sulfide has also not been
studied.

To study these structural changes we have used low
energy electron diffraction (LEED) and X-ray standing
waves (XSW) in conjunction with X-ray photoemission
spectroscopy (XPS) to measure changes in the electronic
structure. The XSW method has been used to measure
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atomic-scale position of adsorbed atoms on surfaces utiliz-
ing the spatial variation of electric field intensity of the
standing wave generated by the coherent interference be-
tween incident and Bragg diffracted X-rays [10-13]. By
scanning the sample angle or incident X-ray energy
through the Bragg condition, the XSW nodes moves from
the Bragg diffraction planes to the middle between adjacent
Bragg planes. By measuring the photoelectron yield modu-
lation induced by the shift of the XSW, the spatial config-
uration of the excited atoms can be determined with sub-
Angstrom spatial resolution.

We combined LEED, XPS, and the XSW analysis to
study the electronic and atomic-scale structural changes
of the single crystal a-Fe,O3(0001) surface induced by
the interaction with H,S and subsequent re-oxidation by
atomic oxygen.

2. Experimentals

The 10 x 10 x 1 mm? single crystal a-Fe,05(0001) sub-
strates were cut and polished from mineral crystals. The
measurements were carried out at two separate ultrahigh
vacuum (UHV) chambers with base pressures of
5% 107" and 2 x 107'° Torr, respectively. Both chambers
were equipped with a hemispherical electron energy ana-
lyzer and LEED. For conventional XPS measurements,
an Al Ko X-ray source was used without a monochroma-
tor. Sample surfaces were cleaned by repeated Ar' ion
(500 eV) sputtering followed by annealing at 450 °C in
the presence of an atomic oxygen beam. The atomic oxygen
was produced by passing molecular oxygen through a cap-
illary refractory metal tube at 1000 °C. Sample heating was
achieved by using the thermal radiation from a hot tung-
sten filament located behind the sample. After several cy-
cles of sputtering and annealing, no impurities were
detected in the XPS spectra, and sharp (1 x 1) LEED pat-
terns were observed from the a-Fe,O5 surfaces.

The XSW measurements were performed in an UHV
chamber located at beamline X24A, National Synchrotron
Light Source. X-ray energies were selected by using a
Si(111) double-crystal monochromator. Photoelectrons
emitted in the horizontal direction at a 90° angle with re-

4967

spect to incident X-ray beam were analyzed. For the
XSW analysis intensities at peak and background of S 1s
photoelectron spectra were measured as the energy of the
incident X-ray beam was scanned through Bragg peaks
of the o-Fe,O3 substrate (Eg=2705.7¢V for (0006)
reflection).

3. Results
3.1. XPS and LEED

Fig. 1 shows S 2p, Fe 2p and O 1s XPS spectra taken
from surfaces treated with H,S at various stages of the sur-
face treatment process. When the sample was held at room
temperature during the H,S exposure, a notable S photo-
electron intensity appeared in the XPS spectra after the
H,S dosage reached 800 L (1's exposure to 1 x 107® Torr
corresponds to 1 L). The binding energy (BE) of S 2p pho-
toelectrons was 161.9 eV. Reported BE’s of S 2p;3/, are
160.9-161.3 eV [14-16] for S*> (mackinawite), 162.4—
162.7eV for S,>~ (pyrite) [17-20], 164.0eV for S° [21]
and 167.9-168.8 eV for SO,*~ [15,21-24]. The presence of
S?~ at the initial interaction of H,S with a-Fe,Os5 is consis-
tent with previous findings from FT-IR measurements [4].
After 2000 L of H,S dosage, XPS spectra indicated the par-
tial reduction of Fe 2p from the 3+ oxidation state to 2+
although the clean (1 x 1) LEED (Fig. 2a) was largely in-
tact. The oxidation-state change of interface Fe ions is
manifested by satellite peaks between 2ps;, and 2p;/» main
peaks. These satellite peaks are located at 8 eV (Fe3+) and
6 eV (Fe2+) higher binding energy side of the Fe 2p;/, peak
[25-27]. Increased contribution from Fe2+ spectra appar-
ently fills minimum between the Fe3+ satellite and Fe
2p1,» peak as indicated by arrows in Fig. 1 [28].

To accelerate the reaction with the H,S, the surface was
exposed to H,S at an elevated sample temperature of
430 °C. After the thermal treatment, the interface Fe re-
duced further and a new surface structure appeared. After
a 20 min annealing at 430 °C under a H,S partial pressure
of 1x 1077 torr, the LEED pattern showed extra spots in
addition to the (1 x 1) spots (Fig. 2b). With prolonged ther-
mal treatment at the same temperature two additional sets

Intensity (arb unit)

[Fe2p 1/2

3/2 -

175 165 155 740

720 700 524

Binding Energy (eV)

Fig. 1. S2p, Fe 2p and O 1s XPS spectra from H,S treated a-Fe,O3(000 1) surfaces. The surface treatments are cleaned (CL), RT exposed (Ex), annealed
(An) at 430 °C, and oxidized (Ox) by exposure to atomic oxygen. Arrows are drawn to mark changes in the Fe 2p spectra.
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Fig. 2. LEED patterns from clean (1 x 1) surface (a) and from sulfidized
a-Fe;03(0001) surface (c). Right side shows ball-and-stick model of
(1 x 1) surface (b) and schematic of LEED pattern from sulfidized surface
(d). Rhombuses represent unit cells for clean and sulfidized surfaces. (d)
Solid and open symbols represent spots from (1 x 1) and sulfide phases,
respectively. The LEED patterns were obtained with primary electron
energy (£;,) of 90.2 (a) and 114.5¢V (c).

of LEED spots appear; these spots are rotated +11° from
the original LEED pattern. The schematic of observed
phases is depicted in Fig. 2. With the development of the
rotated phases, the S 2p XPS spectra show little change ex-
cept for an increase in the peak intensity.

The H,S annealed surface was then exposed to atomic
oxygen to study the oxidation of the surface sulfide. During
the oxygen exposure the sample temperature was held at
RT. The atomic oxygen exposure changed the LEED pat-
tern to (1 x 1) and shifted the S 2p XPS peak by 6.8 eV to-
ward a higher binding energy. Concurrently, interface Fe
ions have been re-oxidized to 3+. The S 2p binding energy
for the oxidized surface is close to that of sulfate, SO,*~
(168.8 ¢V) [15,21-24]. The S 2p XPS spectra with BE
168.8 eV have been reported for pyrite surfaces exposed
to O, or H,O [18,19,29]. The O 1s spectrum from the oxi-
dized surface also exhibits an extra peak (Fig. 1) in addi-
tion to the peak originating from the substrate lattice
oxygen. The origin of the extra peak can be attributed to
the oxygen atoms that bind to the sulfur, possibly forming
a topmost surface layer. The BE of 532.0eV for O Is in
SO,*~ has been reported in the literature [30].

3.2. XSW analysis

For the XSW measurements, a separate substrate was
cleaned with the same sputter-anneal method. The clean
substrate was heated to 430 °C during H,S exposure in or-
der to produce the sulfide phase. Fig. 3 shows (0006) XSW
analysis of the S 1s photoelectron yield modulation from
the sulfidized surface. The average adsorption height of S
as measured from the unrelaxed topmost oxygen layer
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Fig. 3. The (0006) XSW analysis of S 1s from the sulfidized o-
Fe;03(0001) surface. The solid symbols and solid lines represent
experimental data and theoretical fit, respectively. P and f are the (0006)
coherent position and coherent fraction obtained by the XSW analysis. Ey
and Ejp are incident X-ray energy and Bragg energy.

was determined to be 3.16 +£0.03 A (1.14 A+ Pooos ®
dooos)- Including the quadruple effect in XSW induced
modulation [31-35] of the S 1s photoelectron yield requires
corrections in the coherent fraction and position obtained
under the dipole approximation that was used for the cur-
rent data analysis. However, the quadruple correction to
photoionization cross section of photoelectrons excited
from s-symmetry initial state (S 1s for current study) is pro-
portional to sin0 where the 0 is the angle between photo-
electron emission direction and the polarization vector of
X-ray [36]. In our experiment the angle 6 was ca. 5°, so
the correction to photoionization cross section is small.
Under this circumstance corrections to the coherent posi-
tion and coherent fraction are negligible [35,37]. The
XSW analysis from the Fe,O3; (10-14) reflection showed
a random distribution of the S atoms when they are pro-
jected along that direction. The XSW analysis indicates
that the S adatoms have a well defined average vertical
adsorption height above the surface, but the S atomic dis-
tribution is not laterally coherent with respect to the under-
lying substrate.

The XSW analysis from oxidized surface showed ran-
dom distribution of the S both in (0006) and (10-14)
directions.

4. Discussions

Davydov et al., reported a rapid chemisorption and a
slow reaction of ambient pressure H,S with a-Fe,O5 to
form iron sulfide [4]. The present study was conducted
using a H,S exposure with 1 x 10~7 Torr partial pressure,
which is quite different from a high temperature and pres-
sure condition to form bulk iron sulfides. After room tem-
perature exposure of 2000 L, no extra surface phase was
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observed even though a partial reduction of the interface
iron was observed. The H,S annealed surfaces showed evi-
dence of the formation of a new surface phase and the
reduction of interface iron.

This new surface phase produced by H,S annealing has
been identified as a two-dimensional phase FeS, based on
the LEED and XPS results. The six-fold symmetric LEED
pattern unique to the annealed surface is generated from
three surface domains. The first domain produces a weak-
broad LEED pattern rotated 30° from the (1 x 1) unit cell.
It appears in the early stage of annealing and remains after
prolonged heating. The other two domains appear after
30 min of annealing and produce sharp LEED patterns that
are rotated by +11° with respect to the first domain. From
the LEED pattern, the lattice constant of the surface sulfide
phase is determined as 3.80 A (75.5% of the lattice constant
of the a-Fe,03(000 1) surface unit cell). Among iron sulfide
surfaces with sixfold symmetry the pyrite (FeS,) (111) sur-
face unit cell has a lattice constant of 3.83 A [38]. Pyrite has
a NaCl-like structure with Fe’" in the cation sites and S,>~
in the anion sites. The bulk lattice constant of pyrite is
542 A [39] and the Fe-S bond is 2.26 A [40]. The possible
registry of the sulfide phase with respect to the o-
Fe,03(0001) substrate was deduced from the assumption
that sulfur ions would react with the substrate irons with
a minimal perturbation of the substrate structure. The
reacting Fe sites were chosen so that the distance between
Fe atoms in the substrate is a close match to the correspond-
ing distance in iron sulfide structures.

As depicted in Fig. 4 Fe-Fe interatomic distances of
7.70 and 11.65 A in the 0-Fe;O3(0001) surface match well
with the Fe-Fe distances (7.65 and 11.47 A) in the (111)
surface of pyrite (FeS,). The substrate and pyrite unit cells
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make angles of 41° and 30° to align these reacting Fe sites,
which is very close to experimental LEED patterns. For-
mation of FeS, films on iron oxides (Fe,O3; and Fe;0y)
and FeS film formation on pure Fe has been reported after
sulfidation in Ar-H,S atmosphere [41]. The 30° rotated
phase (Fig. 4a) has a larger mismatch in the interatomic
Fe-Fe distance than the 41° rotated phases (Fig. 4b). We
speculate that the 30° rotated phase might require less rear-
rangement of Fe atoms to adapt the two-dimensional pyr-
ite structure and is formed at the early stage of annealing.
However, the formation of a more complicated sulfide
phase cannot be ruled out.

Although the LEED patterns can be explained by (111)
surface structure of pyrite, the sulfidized phase is largely
two-dimensional. For example, Fe 2ps,, peak of the bulk
sulfide at BE 707.4 ¢V [17] was not observed in the annealed
phase. Also, comparing S 2p spectra from RT exposed and
the annealed phases there is no shift of S 2p BE, which can
be induced by formation of sulfur dimer. Although broken
surface sulfur dimer has been proposed for non-dipolar sur-
face [42], character of surface sulfur of the annealed surface
cannot be determined from the current study.

The (0006) XSW analysis indicates that the average
adsorption height of sulfur atoms is 3.16 A above the sur-
face oxygen layer of a-Fe,O5(0001). It is worth noting that
the distance between adjacent sulfur layers in FeSy(111) is
3.12A. Although there is no information on the positions
of the interface Fe ions, it could be argued that the inter-
face Fe could shift upward from the underlying substrate
oxygen layer to be located in the middle of sulfur and
oxygen layers as depicted in Fig. 4d. For comparison, the
interlayer distance of oxygen layers in o-Fe;O3(0001)
substrate is 2.30 A, and Fe bilayers are located between
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Fig. 4. Surface structures of a-Fe,O3(0001) and FeS,(111). The hexagonal surface unit cells are indicated by dotted rhombuses. The arrows indicate Fe—
Fe atomic pairs that have similar interatomic distances on both surfaces. The solid rhombuses represent the hexagonal unit cell of the surface sulfide phase.
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the oxygen layers. The proposed surface structure (Fig. 4d)
resembles stable non-dipolar (111) surface of pyrite with
broken S-S surface dimers [42,43]. A broad height distribu-
tion of S atoms on the FeS,(111) surface (Fig. 4d) could
explain the relatively low coherent fraction obtained from
(0006) XSW analysis. Also the existence of surface do-
mains that are not aligned with a high symmetry direction
of the substrate surface would explain the random in-plane
distribution of S observed in the off-specular XSW analy-
sis. Re-oxidation of sulfidized o-Fe,O3(0001) by exposure
to atomic oxygen at room temperature restored the surface
structure to (1 x 1) and Fe oxidation state to 3+. The sulfur
became disordered in the re-oxidzed surface. Concurrently,
the re-oxidation produced an extra O 1s peak whose bind-
ing energy matches well with SO,>~. Apparently the re-oxi-
dation occurred through the reaction of sulfur with gas
phase atomic oxygen.

In summary the sulfidation of a-Fe,O3(0001) can be ex-
plained by the reaction of S with surface iron to produce
surface FeS, phases. The sulfidized o-Fe,O3(0001) is re-
oxidized by atomic oxygen through reaction of surface sul-
fur with oxygen to form SO,>". Further understanding of
sulfidation and re-oxidation processes requires studies fo-
cused on the propagation of sulfide phases into the sub-
strate and the formation of elemental S after re-oxidation
at a high temperature.
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