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Photoemission and electronic structure of FeOOH:
Distinguishing between oxide and oxyhydroxide
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Valence-band and core x-ray-photoemission spectroscopy (XPS) has been used to examine the
electronic structure of FeOOH and Fe203. The known small dift'erence in the core-level Fe 2p spec-
tra of the two compounds is discussed. Xo. calculations of an Fe06H3' cluster are shown to give
good agreement with the two-peak FeOQH valence-band XPS spectrum, and it is clear that FeOOH
and Fe203 can be clearly distinguished in the valence-band region. La calculations of an Fe06
cluster are found to predict the three-peak structure of the Fe203 valence band. The 0 2s region of
FeOOH is found to be more sensitive to chemical environment than the O Is region, and the former
region is well explained by the Xa calculation. Little decomposition of FeOOH is found during
data collection.

INTRODUCTION

The oxides and oxyhydroxides of iron have been the
subject of many theoretical and experimental studies.
These compounds are of wide importance and can occur
in a variety of oxidation states and forms. In order to un-
derstand the corrosion of iron, and the action of corro-
sion inhibitors on an iron surface, the surface layer on
iron needs to be examined and its chemistry understood.
Photoemission has provided a powerful method for
identification of the chemistry on iron surfaces, and a
considerable amount of work has been reported on such
surfaces. Wandelt' has reviewed the area, discussing the
structure of the oxides and oxyhydroxides, their core and
valence-band spectra, and the efFectiveness of calculations
in interpreting the results. A particular interest to us is
the extent to which x-ray photoemission spectroscopy
(XPS) can be used to distinguish between oxide and ox-
yhydroxide on an iron surface. This is because it is now
widely recognized that oxyhydroxides play a very impor-
tant role in the surface films on electrode and corrosion
surfaces.

In this paper we report the core and valence-band spec-
tra of FeOOH and Fe203 and show that these compounds
can be distinguished in the valence-band region. Such
studies have already been reported by a number of work-
ers (e.g. , see the references in Refs. I and 3—24), but in
this paper we report a study of the possible dehydration
of FeOOH in the spectrometer, and the interpretation of
the valence-band spectra of FeOOH and Fe203. We
show that these compounds can be clearly distinguished
in their valence-band region, and that this region can be
efFectively interpreted by Xo. cluster calculations.

EXPERIMENT

Our XPS measurements were made using a AEI
ES2008 spectrometer with a base pressure of better than
10 Torr using Mg K~ X radiation. Spectra were
recorded to achieve maximum instrument resolution

(better than 0.8 eV) and data were usually collected with
at least 17 points per eV in order to be sure to identify
any subtle features that might be lost at lower resolution
and a larger step size. Binding energies were calibrated
using 0 1s from oxide oxygen in the samples taken as
530.3 eV. Spectra were fitted using a nonlinear least-
squares program with a 50% mixed Gaussian-Lorentzian
product function.

o.'-Fe203 and a-FeOOH samples were obtained from
ALPHA as polycrystalline samples. Their purity was
checked by powder x-ray difFraction using a Scintag in-
strument. No cleaning of the samples by Ar+ etching
was attempted in view of the decomposition that such a
treatment is known to cause. ' ' The 0 1s spectrum
of a-Fe203 showed a weak high-binding-energy shoulder
at 531.5 eV in addition to the main peak at 530.3 eV.
This feature was at comparable intensity to the feature
assigned to nonstoichiometric surface oxygen atoms,
but it may also represent a trace of hydroxide.

RESULTS AND DISCUSSION

Figure 1 shows the Fe 2p core region of iron metal and
o.-Fe304, u-Fe203, and a-FeOOH. These spectra illus-
trate the main problem in using this spectral region for
distinguishing between the oxides, namely the small
difFerences between these compounds. Only slight im-
provement is obtained when monochromatized x rays are
used to generate the spectra. ' ' There is controversy in
the literature as to the correct binding energies for these
oxides, but it is generally agreed that the binding energies
lie within 1 eV of each other. In the case of Fe304
separate components due to Fe(II) and Fe(III) have been
identified. '

The distinction between an oxide and an oxyhydroxide
is important in many situations. Clearly the O 1s region
of the oxyhydroxide would be expected to show a doublet
with one peak due to oxide and the other hydroxide.
This is indeed found, but in general analytical situations
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found. ' %e report the spectra of the oxide and oxyhy-
droxide in this region in order to compare our data with
our calculations and to discuss the often-ignored 0 2s
spectral region.

An initial problem in examining this region in that the
0 2s region is of comparable intensity to the rest of the
valence band. This means that if nonmonochromatized x
rays are used x-ray satellite radiation will give features in
the normally discussed outer valence-band region. If un-
corrected, these satellite features will be confused with
genuine satellite features in the spectrum. Figures 2 and

~ IK

CC

~ I&+I

(c)

730 720 7l0
Binding Energy (eV)

FIG. 1. Fe 2p core XPS spectra of iron compounds. (a) Iron
metal (Fe 2p3/2 706. 8 eV, FWHM=1. 1 eV); (b) FeOOH (Fe
2p3/2 711.4 eV FWHM=4. 7 eV)' (c) Fe203 (Fe 2p3/2=710. 7
eV, FWHM =4.7 eV); (d) Fe304 (Fe 2p 3/2 710.1 eV,
FWHM =4.8 eV).
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there are other compounds (such as water) that can give
features in the 0 1s hydroxide region. Another potential
problem in this situation is the possible dehydration of
the oxyhydroxide in the spectrometer. The potential for
such decomposition, which will be partially instrument
dependent (e.g. , the heat from an x-ray gun can cause
decomposition and the vacuum conditions will also be
relevant) has to be considered in balancing the desire for
ultra high-vacuum (UHV) conditions and long spectral
collection times to achieve good statistics.

First we will discuss the information provided by the
valence-band region, and then we will examine possible
hydroxide dehydration during spectral collection, and
finally we discuss the interpretation of the valence band
region by Xa calculations.
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The valence-band region

The valence-band region of the iron oxides has re-
ceived considerable attention, and in the case of the
Fe(III) oxide and oxyhydroxide a clear difference is

FIG. 2. Valence-band region of FeOOH. (a) Complete
valence-band region; (b) spectrum synthesized to fit the 0 2s re-
gion of the valence band, note the a3 4 x-ray satellite peak to
higher binding energy; (c) the valence-band region of FeOOH
after removal of the x-ray satellites from the 0 2s region shown
in (b).
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3 show the importance of such x-ray-satellite —generated
features for the Mg X radiation that we have used. The
subtraction of such radiation-induced satellites shows
that FeOOH has little satellite character and Fe203 a
significant satellite feature. Other workers have report-
ed Fe&03 valence-band data collected using unmono-
chromatized Mg X radiation, but have not discussed the
role of overlapping radiation satellites. Clearly the
neglect of the radiation-generated satellites would lead to
substantial error in overestimating satellite intensity.

The subtraction process shown in Figs. 2 and 3 was
carried out by fitting the 0 2s region using Gaussian-
Lorentzian peaks with each peak containing the Mg X ra-

diation satellite features. The satellite features from the
0 2s region so generated were then subtracted out from
the valence-band spectrum.

The data in Figs. 2(c) and 3(c) will be used for compar-
ison with the calculated spectra after removal of a non-
linear background. The starting point of the nonlinear
background at the high-binding side was adjusted to ac-
count for satellite intensity, especially for Fe203.

The Q 2s region

The 0 2s region is at a binding energy such that the
molecular orbitals in compounds in this region contain a
substantial amount of 0 2s character. We have found
this to be the case in a variety of rather different com-
pounds. ' The region is usually well separated from
the rest of the valence-band region. This means that this
region will show features more like a core region than a
valence-band region, and in particular we might expect
the 0 2s region to show similarities with the 0 1s region.
However, we find ' that this region shows a larger
"chemical shift" than found in the 0 1s region. Recent-
ly the value of the 0 2s region for giving corelike
chemical-shift information from photoelectron spectra
generated using synchrotron radiation has been dis-
cussed. We feel that the greater sensitivity of this region
to chemical environment than the 0 1s region makes this
region valuable even when using conventional XPS.

Figure 4 shows the 0 1s and 0 2s regions of FeOOH.
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FIG. 3. Valence-band region of Fe&03. (a) Complete
valence-band region; (b) spectrum synthesized to fit the 0 2s re-

gion of the valence band, note the a3 4 x-ray satellite peak to
high binding energy; (c) the valence-band region of Fe203 after
removal of the x-ray satellites from the 0 2s region shown in (b).
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FIG. 4. Oxygen XPS regions of FeOOH. (a) O 1s region
after about 15 h data collection; (b) 0 2s region after about 15 h

data collection with the positions of the O 2s levels from the Xa
calculation shown as a set of vertical lines.
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imum (FWHM) of 2 eV and an area given by the sum of
each level's atomic population multiplied by its atomic
photoelectron cross section. The atomic populations
used for the component peak areas were adjusted for the
stoichiometry FeOOH (rather than the cluster
stoichiometry Fe06H3 ). Excellent agreement is ob-
tained between theory and experiment, and the two-peak
characteristics of the FeOOH outer valence-band region
are accurately explained. We were interested to find out
whether it was the presence of the hydrogen atoms or just

the lowering of symmetry from an idealized octahedral
Fe06 cluster used for Fe203 that caused the change in
the two-peak outer valence-band region of FeOOH from
the three-peak outer valence-band region of Fe203. We
thus performed a calculation for an Fe06 cluster with
the C2, symmetry of FeOOH. Oxygen sphere radii of
1.06 A (OH —1), 1.22 A (OH —2), 1.26 A (0—3), and
1.35 A (0—4) were used with all other parameters (ex-
cept for the absence of hydrogen) the same as the
Fe06H3 cluster (Table 1). This cluster gave a predicted
spectrum very similar to that for Fe203 shown in Fig. 8.
Further the 0 2s region showed the most widely separat-
ed levels to be separated by 2.05 eV in contrast to the
Fe206H3 cluster where these levels were separated by
4.52 eV. We can thus conclude that the hydrogen atoms
sufIiciently perturb the electron density around the oxy-
gen that a significant valence-band spectral difference
occurs. This suggests that the valence-band region prom-
ises to be a fruitful method for distinguishing between ox-
ide and hydroxide.

Figure 8 shows the outer valence-band region for
Fe203 after removal of the 0 2s x-ray satellite features
[i.e., Fig. 3(c) was used] compared with the result of our
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FIG. 6. 0 2s region of FeOOH collected over increasing time
periods to monitor dehydration. Spectra were smoothed with a
quartic-quintic smooth repeated 80 times, the smoothing inter-
val was 0.7XF%HM. (a) After SO min data collection, (b) after
80 min data collection, (c) after 120 min data collection, (d) after
240 min data collection, and (e) after 990 min data collection.
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FIG. 7. Outer valence-band spectrum of FeOOH. (a) Experi-
mental spectrum after removal of 0 2s region as in Fig. 2(c), to-
gether with a nonlinear background removal. (b) Spectrum cal-
culated from the ground-state Xo. calculation.
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TABLE I. Parameters used and features of the Xa calculations.

Fe06H3'
C2,

( H —1), 2.02 A (OH —2)
2.05 A (0—3), 2.12 A (0—4)

1.00 A
1.31 A

0.74 A (OH —1), 0.88 A (OH —2)
0.85 A (0—3), 0.98 A (0—4)

0.37 A
. 2.04 A

3.49 A
1.002 62

Cluster:
Symmetry
Fe—0 bond lengths:

0—H bond lengths:
Iron sphere radius:
Oxygen sphere radius:

1.30 A
1.24 A

Hydrogen sphere radius:
Watson sphere radius:
Outer sphere radius
Virial ratio ( —2T/V):
Convergence:

2.03 A
3.27 A
1.002 11

When the difference in potentials at the begin-
ning and end of the iteration were less than
10 ' of the potential at the start of the itera-
tions. This gives energy levels that diftered by
less than 10 Ry between the last two itera-
tions
"Thawed" so that they retained atomic charac-
ter' while being fully included in the iterative
process. Fe 1s, 2s, and 2p electrons and 0 1s
electrons were treated as core electrons

Core electrons:

u values: iron 0.7115, oxygen 0.7445, outer 0.7380,
hydrogen 0.7765, intersphere 0.7370

Maximum I value: iron 2, oxygen 1, hydrogen 0
Feo,'-

2.03 A 1.89 A 0

(a)

ground-state Xcx calculation. The calculated spectrum
was obtained using the same method described for
FeOOH above. In this case the three-peak structure of
the Fez03 spectrum is accurately predicted, with peak
positions close to experimental values. The relative peak
intensities are such that the highest binding-energy peak
is too intense and the lowest binding-energy peak is not
intense enough when compared with the experimental
spectrum. The experimental spectrum has had a non-
linear background removed using the previously de-
scribed method. Any background removal method has
some error associated with it, so there is some uncertain-
ty regarding relative intensities. Another possible source
of error is that we have modeled Fe203 to an octahedral
Fe06 cluster whereas the actual crystal structure of
Fe203 consists of two trigonally distorted Fe06 octahedra
sharing a three-oxygen face. Nagel has reported an Xa
calculation for a Fe209' cluster consisting of these two
Fe06 octahedra. We have examined Nagel's data and
find that this gives a better fit to the experimental intensi-
ty ratios for the three peaks. Previous Xe calcula-
tions for Fe06 give similar energies to our calculation,
though the atomic populations were not published and so
could not be compared with our data. Atomic popula-
tions are important in predicting XPS data due to the
substantial differences in photoelectric cross section be-
tween oxygen and iron orbitals.

I I I

10 8 6 4 2
Binding Energy (eV)

FICx. 8. Outer valence-band spectrum of Fe203. (a) Experi-
mental spectrum after removal of 0 2s region as in Fig. 3(c), to-
gether with a nonlinear background removal. (b) Spectrum cal-
culated from the ground™state Xa calculation.

CONCLUSIONS

We report the first calculation of the FeQOH valence-
band spectrum. %'e find that this Xa calculation gives
excellent agreement with the experimental valence-band
spectrum (including the 0 2s region). For comparison we
find that Xa calculations (both ours and previously pub-
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lished calculations) predict the three-peak outer valence-
band region of Fez03. It should be pointed out that these
calculations (in contrast to other types of calculation that
have been used to predict iron oxide valence bands) do
not contain any parametrization to the experimental
data. The agreement between the Xa calculations and
experiment, especially for FeOOH, shows that they form
a reasonable basis for predicting the spectral features. In
particular the results suggest that oxides and oxyhydrox-
ides may in general be distinguished in the valence-band
region.

This system also shows, as we have found in other
compounds, that the 0 2s region, while being rather core-
like, is more sensitive to changes in chemical bonding
than the 0 1s region. It is also more bulk sensitive,
which can be useful in cases where potential compound
decomposition is a problem.
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