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We have investigated hydroxylation and water adsorption on R-Fe2O3(0001) at water vapor pressures up to
2 Torr and temperatures ranging from 277 to 647 K (relative humidity (RH) e 34%) using ambient-pressure
X-ray photoelectron spectroscopy (XPS). Hydroxylation occurs at the very low RH of 1 × 10-7 % and precedes
the adsorption of molecular water. With increasing RH, the OH coverage increases up to one monolayer
(ML) without any distinct threshold pressure. Depth profiling measurements showed that hydroxylation occurs
only at the topmost surface under our experimental conditions. The onset of molecular water adsorption
varies from ∼2 × 10-5 to ∼4 × 10-2 % RH depending on sample temperature and water vapor pressure. The
coverage of water reaches 1 ML at ∼15% RH and increases to 1.5 ML at 34% RH.

1. Introduction

Iron oxides are central components of many environmental,
geological, planetary, and technological processes.1,2 In natural
environments, iron oxides are products of chemical weathering
and bacterial processes and are important constituents of rocks
and soils. In addition, iron oxides are among the most important
environmental sorbents and as such play important roles in
determining the composition and quality of natural waters, the
mobility of inorganic and organic pollutants, and the availability
of plant nutrients in soils.3 For example, iron oxides play a
critical role in the sequestration and release of arsenic in deltaic
sediments in Southeast Asia, which is responsible for widespread
arsenic pollution of drinking water in this region and impacts
the health of 60 million people who live there.4,5 Iron oxides
are also used in a wide range of industrial applications, including
heterogeneous catalysis,6,7 pigments,8 gas sensors,9 electrodes
for photoelectrochemistry,10,11 and magnetic materials in data
storage devices.12 A major question concerning the reactivity

of iron oxides under humid ambient conditions, where these
important environmental processes and technological applica-
tions usually occur, is how their interaction with water modifies
their surface structure and composition. Most metal oxide
surfaces react with water and become partially covered with
molecular H2O and/or its dissociated species OH.13,14 It is well-
known that the presence of water and hydroxyl species on
surfaces has a significant influence on the mechanisms and
kinetics of surface chemical reactions.15 Detailed information
on in situ surface structure and composition under ambient
conditions is therefore essential for a thorough understanding
of important chemical reactions on iron oxides in environmental
processes and technological applications.

Hematite (R-Fe2O3) is the most thermodynamically stable and
often the most abundant iron oxide in soils and sediments among
anumberofotherpolymorphsof ironoxidesandoxyhydroxides.2,16

Hematite has the corundum crystal structure, with layers of
distorted hexagonally close-packed oxygen atoms separated by
an iron double layer with Fe3+ occupying two-thirds of the
octahedral sites in a stacking sequence of -(Fe-O3-Fe)- along
the c axis.17 The (0001) hematite surface is one of the
predominant growth faces,2 and therefore the structure of the
R-Fe2O3(0001) surface and its interaction with water have been
the subject of extensive experimental18-43 and theoretical40,44-59

studies [see refs 60 and 61 for reviews on the surface structure
of R-Fe2O3(0001)].

Three different ideal terminations of the R-Fe2O3(0001)
surface are known to exist: a single Fe termination
(Fe-O3-Fe-R-), a double Fe termination (Fe-Fe-O3-R-),
and an O termination (O3-Fe-Fe-R-), where R represents
the remaining atomic layers with the bulk stacking sequence
(see Figure 1a-c). The most stable surface configuration under
ultrahigh vacuum (UHV) conditions has been proposed to be
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the single Fe termination (Fe-O3-Fe-R-) with a highly
relaxed structure31,32,40,43,45,46,51,54 (Figure 1c). Recent experi-
mental studies, however, have shown that the surface termination
of R-Fe2O3(0001) is sensitive to the sample preparation condi-
tions such as annealing temperatures and oxygen partial
pressures. Under oxidizing conditions of high oxygen partial
pressures, it has been observed that the single Fe-terminated
surface coexists with ferryl termination41 (OdFes; Figure 1d),
O termination (O3-Fe-Fe-R-),33,46 or OH termination.35

Under reducing conditions of low oxygen partial pressures,
partial reduction of the surface layer to Fe3O4(111),18,21,23,24,29

Fe1-xO(111),18,21,25,29 or γ-Fe2O3(111)26,27 has been reported.
Furthermore, theoretical studies of R-Fe2O3(0001) using a
combined density functional theory (DFT) and thermodynamics
approach predicted different surface terminations as a function of
oxygen chemical potential µo.40,41,46,51,54 With a decrease in µo (i.e.,
lower oxygen partial pressure or higher temperature), various
surface terminations were predicted to appear in the following
order: O terminations [O3-Fe-Fe-R-40,46,54 or O3-Fe3-O3-
R-51 (see Figure 1e)], ferryl terminations (OdFes),41,51,54 and
single Fe terminations (Fe-O3-Fe-R-)40,46,51,54 or double Fe
terminations (Fe-Fe-O3-R-)51 competing with the reduction
to Fe3O4. It should be pointed out that there are discrepancies
in the relative stabilities of surface terminations depending on
the choice of exchange-correlation functionals in DFT. Recently,
using in situ surface X-ray scattering technique, Barbier et al.42

determined the phase stability of different surface terminations
on R-Fe2O3(0001) as a function of oxygen partial pressure and

temperature. While the O-terminated (O3-Fe-Fe-R-) surface
was observed over a wide range of oxygen partial pressures,
the ferryl-terminated (OdFes) surface was found under weaker
oxidizing conditions. Reoxidation of the ferryl-terminated
surface resulted in the O2-Fe-Fe- termination (Figure 1f)
accompanied by growth of basal twins. Surprisingly, no evidence
was found under the experimental conditions of Barbier et al.42

(µo ) -1.5 to ∼-0.3 eV) for the formation of the single Fe-
terminated surface that has been theoretically predicted as the
most stable surface in the corresponding µo regime46,51,54 and
experimentally observed on R-Fe2O3(0001) thin films prepared
under the stronger oxidizing conditions of oxygen-plasma-
assisted molecular beam epitaxy (OPA-MBE).31,32 Therefore our
understanding of the surface phase diagram of R-Fe2O3(0001)
remains far from complete.

Most of the experimental studies on the R-Fe2O3 (0001)
surface cited above were carried out in UHV and are therefore
ex situ rather than in situ. For example, the ex situ ultraviolet
photoemission spectroscopy (UPS) study of water adsorption
on R-Fe2O3(0001) by Kurtz and Heinrich20 showed that water
molecules adsorbed dissociatively at large water exposures. The
ex situ study by Liu et al.30 investigated the reaction of water
with R-Fe2O3(0001) in UHV after exposure to different pressures
of water vapor using synchrotron-based X-ray photoelectron
spectroscopy (XPS). This study found a threshold water pressure
of ∼10-4 Torr for water dissociation on R-Fe2O3(0001). Below
the threshold pressure, a small amount of water molecules were
dissociated most likely at surface defect sites, whereas above
the threshold pressure extensive hydroxylation was observed
presumably at surface terrace sites. In that ex situ XPS study,
however, the hematite surface was not in equilibrium with water
vapor because the XPS measurements were carried out in UHV
after exposure of the R-Fe2O3(0001) surface to water vapor in
a reaction chamber. The surface structure and chemical com-
position in equilibrium with ambient pressure water vapor can
be very different from those in UHV.

The structure of the hydrated R-Fe2O3(0001) surface under
ambient conditions was studied by Trainor et al. using surface
X-ray scattering and ab initio thermodynamic calculations.40

They showed that the structure and stoichiometry of the
R-Fe2O3(0001) surface under ambient conditions (relative
humidity (RH) > 90% at 298 K) were significantly different
from those in UHV. They found that two different hydroxylated
domains coexisted on the R-Fe2O3(0001) surface under ambient
conditions - one corresponding to full hydroxylation of the
surface Fe cations ((HO)3-Fe-H3O3-Fe-R), and the other to
a hydroxylated oxygen layer ((HO)3-Fe-Fe-R) resulting from
the complete removal of the surface Fe cations. However,
surface X-ray scattering cannot easily distinguish among dif-
ferent oxygen species such as O, OH, and H2O in different
chemical environments except indirectly through metal-oxygen
distances. Therefore, until now quantitative information of the
in situ chemical composition of R-Fe2O3(0001) under ambient
conditions has not been available due to the lack of appropriate
experimental tools.

In this paper we report an investigation of hydroxylation and
water adsorption on R-Fe2O3(0001) at near ambient conditions
using ambient-pressure X-ray photoelectron spectroscopy (AP-
XPS) that provides quantitative information on the in situ
chemical composition of surfaces in equilibrium with water
vapor in the Torr pressure range. The experiments were
performed at pressures (p(H2O) e 2 Torr) and temperatures
(T ) 277-647 K), covering a relative humidity range of up to
34%.

Figure 1. Schematic drawing of various surface terminations of the
clean R-Fe2O3(0001) surface. Large and small spheres represent oxygen
and iron atoms, respectively. Note that interlayer spacing and inter-
atomic distance in the figure are for illustration purposes only. The
R-Fe2O3(0001) surface termination in the present study is tentatively
assigned to the single Fe-terminated surface (c); the coexistence of the
ferryl-terminated surface (d) is unlikely, but it cannot be fully excluded
(see the discussion in the Experimental Section). 



2. Experimental Section

The experiments were performed at the AP-XPS endstation
on the undulator beamline 11.0.2 of the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory, Berkeley,
CA. This endstation consists of two interconnected UHV
chambers: one for standard surface preparation/characterization
and the other for XPS measurements at near ambient pressures.
The base pressure in both chambers was about 2 × 10-10 Torr.

The single crystal sample of R-Fe2O3 investigated in this study
was obtained from a natural mineral crystal (Bahia, Brazil). The
sample was cut along a natural (0001) growth face and polished.
After polishing, the sample was acid-etched with 0.2 M HNO3

solution and then rinsed with the Milli-Q water. After introduc-
tion into the UHV chamber, the sample was cleaned by several
cycles of annealing at 723-773 K in 1 × 10-5 Torr O2. The
sample temperature was monitored by a chromel-alumel (K-
type) thermocouple attached to the molybdenum or tantalum
plate beneath the sample. The cleaned surface displayed a sharp
(1 × 1) low energy electron diffraction (LEED) pattern,
indicative of a high degree of surface order. It should be noted
that we chose to avoid ion sputtering, which has often been
used for the preparation of iron oxide surfaces.18,21,23-25,29,39 This
was because the LEED pattern substantially deteriorated after
sputtering test samples and never recovered by O2 annealing.
In addition, ion sputtering of R-Fe2O3(0001) surfaces often leads
to partial reduction of the surface layer due to preferential
removal of oxygen atoms over iron atoms.18,21,23-25,29,39

The R-Fe2O3(0001) surface termination in the present study
is tentatively assigned to the single Fe-terminated surface; the
coexistence of the ferryl-terminated surface is unlikely, but it
cannot be fully excluded. This assignment is based on the
following reasoning: (1) The single Fe-terminated surface has
been theoretically predicted to be most stable under our sample
preparation conditions (p(O2) ) 1 × 10-5 Torr at 723-773 K;
µo) -1.3 to ∼-1.4 eV).46,51,54 Furthermore, this termination
has been experimentally observed on R-Fe2O3(0001) thin films
prepared under more oxidizing conditions.31,32 (2) The ferryl-
terminated surface has been predicted to be most stable in the
oxygen chemical potential ranges (µo ) -0.9 to ∼-0.6 eV,54

-1.25 to ∼-1.0 eV,51 and >-1.4 eV41), which are rather close
to the oxygen chemical potential used in the preparation of our
sample (µo) -1.3 to ∼-1.4 eV). However, the experimentally
observed ferryl-terminated surface was prepared at a much
higher oxygen partial pressure and higher annealing temperature
(p(O2) ) 7.5 × 10-3∼0.75 Torr at ∼1050 K41) than those used
in the present study (p(O2) ) 1 × 10-5 Torr at 723-773 K).
On balance, we conclude that the coexistence of the ferryl-
terminated surface is unlikely, but it cannot be fully excluded.
(3) Reduction of Fe3+ to Fe2+ on the R-Fe2O3(0001) surface
can be ruled out because the LEED pattern characteristic of
reduced iron oxide surfaces18,21,23,25-27,29 was not observed. Also
no features characteristic of Fe2+ species were revealed in Fe
2p XPS and Fe L-edge X-ray absorption spectroscopy (XAS)
spectra on our samples.62-66 (4) The O-terminated
(O3-Fe-Fe-R-) surface can be ruled out because our sample
preparation conditions are far from the conditions reported for
the O-terminated surface (p(O2)) 7.5 × 10-1∼7.5 × 10-5 Torr
at 1100 K33,46) and far from the theoretically predicted oxygen
chemical potential ranges for the O-terminated surface (µo >
-0.6 eV54 and µo > -1.0 eV51).

XPS measurements at near ambient pressures were carried
out using an ambient-pressure XPS setup that combines dif-
ferential pumping with an electrostatic focusing. The details of
the ambient pressure XPS setup have been described in our

previous papers.67-72 Briefly, X-rays were incident on the sample
under ambient vapor pressure through a 100 nm thick SiNx
window, which separates the ambient pressure chamber from
the synchrotron beamline in UHV. The emitted photoelectrons
were collected by a small aperture (0.3 mm in diameter) that
was the entrance to a differentially pumped electrostatic lens
system and were focused on the entrance slit of a hemispherical
electron analyzer (Phoibos 150, Specs). The sample was placed
close (∼0.5 mm) to the entrance aperture in order to minimize
elastic and inelastic scattering of photoelectrons in the gas-phase.
This allowed us to carry out in situ XPS measurements at
pressures up to a few Torr. The XPS spectra were recorded in
an experimental geometry in which the angle between the
polarization axis of the incident X-rays and the emitted
photoelectrons was set at the magic angle of 54.7°. The incident
angle of the X-ray beam and the emission angle of photoelec-
trons were 20.0° and 42.1°, respectively, with respect to the
surface normal. O 1s XPS spectra were measured at a photon
energy of 690 eV with a total resolution better than 0.4 eV.
There was no need to use a low-energy electron flood gun to
neutralize surface charging during the XPS measurements even
in UHV because our hematite samples were electrically conduc-
tive due to the presence of natural dopants. Water vapor at near
ambient pressures was introduced into the chamber through a
variable high precision leak valve after being degassed by
multiple freeze-pump-thaw cycles of the Milli-Q water.

The surface cleanliness during the experiments was monitored
by XPS. After the O2 annealing cycles, carbon contamination
was below the detection limit of XPS (<0.01 monolayer (ML)).
Under ambient pressure water vapor, however, accumulation
of various carbon species such as graphitic carbon and/or
hydrocarbon (C-C and/or C-H), methoxy (CH3O-; C-O),
formate (HCOO-; OdCsO) was observed. The total coverage
of these various carbon contaminants was estimated to be always
below 0.06 (0.04) ML at p(H2O)< 0.02 Torr, 0.13 (0.09) ML at
0.02 Torr, 0.19 (0.10) ML at 0.1 Torr, and 0.36 (0.14) ML at
1 Torr, with the values in parentheses corresponding to the
coverage of oxygen-containing carbon species (C-O and
OdCsO). In addition, some possibly bulk-derived impurities,
such as Si, Mo, and K, were observed on the R-Fe2O3(0001)
surface at a level of <0.05 ML after cleaning, while their
coverages remained constant during water exposure. The
coverage of carbon and other contaminants (i.e., Si, Mo, and
K) on R-Fe2O3(0001) is given in units of ML; 1 ML is defined
as the surface atomic density of a molecular water layer (i.e.,
1.04 × 1015 molecules cm-2), calculated from the density of
bulk liquid water at 298 K (F ) 0.997 g cm-3 73). Further details
of coverage calibration for surface contaminants can be found
in the Supporting Information.

The O 1s XPS spectra were deconvoluted by mixed
Gaussian-Lorentzian functions after a Shirley background
subtraction.74 The O 1s XPS spectra were fit with four peaks
corresponding to oxide (Ox), OH, H2O, and oxygen-containing
carbon species (C-O and OdCsO). One additional peak was
required at water pressures above 0.1 Torr to fit the gas-phase
water contribution. In the peak fitting, each peak had four fitting
parameters: peak position, full width at half-maximum (fwhm),
Lorentzian-Gaussian (L/G) mixing ratio, and intensity. Three
parameters (position, fwhm, and L/G ratio) for each component
were constrained to be constant unless clear changes were
discernible in the raw O 1s XPS spectra. In the present study,
as will be shown below, the peak shift of OH and the peak
narrowing of Ox were evident in the raw O 1s XPS spectra.
The peak position of OH, the fwhm(Ox), and the intensity of
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each peak were thus set to be free parameters and optimized in
the peak fitting.

To obtain reliable OH and H2O coverages, it is important to
correct the contribution from oxygen-containing carbon species
(C-O and OdCsO) in O 1s XPS spectra because O 1s XPS
peaks of these carbon species are close to those of OH and
H2O.75 The O 1s XPS intensity of oxygen-containing carbon
species was derived from their C 1s XPS intensity using a
relative sensitivity factor. The relative sensitivity factor of C
1s to O 1s XPS was experimentally obtained by measuring the
O 1s:C 1s XPS intensity ratio of a gas-phase CxOy species with
a known x:y ratio (e.g., CH3OH). Note that O 1s and C 1s XPS
spectra were measured with identical kinetic energies to ensure
the same lens transmission of the electron spectrometer and the
same peak attenuation by the gas-phase. To the best of our
knowledge, there are no experimental data on the O 1s XPS
peak position of oxygen-containing carbon species on R-Fe2O3

(0001). Therefore, the position and fwhm of the O 1s XPS peak
for oxygen-containing carbon species (C-O and OdCsO) on
R-Fe2O3(0001) were determined by comparing the O 1s XPS
spectrum with a high carbon contamination level (θc ) 0.64
(0.32) ML) to that with a low carbon contamination level (θc
) 0.05 (0.03) ML); the values are the total coverage of C
contamination (the coverage of oxygen-containing carbon
species). [The position and fwhm of the O 1s XPS peak for
oxygen-containing carbon species on R-Fe2O3 (0001) were
determined to be 531.8 and 1.86 eV, respectively. The changes
in these parameters ((0.2 eV) have a small influence on the
coverages of OH and H2O (e2%) and the other peak parameters
such as fwhm (Ox) and the peak position of OH (e0.03 eV) at
the carbon contamination level (θc e 0.36 (0.14) ML) in this
study.]

As previously reported,76,77 water molecules adsorbed on
surfaces are susceptible to beam damage (i.e., water dissociation)
in X-ray or electron spectroscopies. To minimize the effects of
beam damage, great care was taken, including X-ray beam
defocusing and changing of sample positions. We did not
observe any difference in the coverages of OH and H2O between
spots with extensive X-ray exposure and fresh spots without
previous X-ray exposure. Beam-induced damage is thus believed
to have been negligible for the results presented here.

3. Results and Discussion

Our objective is to understand how hydroxylation and
hydration proceed on the R-Fe2O3 (0001) surface as a function
of relative humidity (RH) using ambient-pressure XPS. RH was
controlled in the following two ways: (1) changing water
pressure at constant sample temperature (isotherms) and (2)
changing sample temperature at constant water pressure (iso-
bars).

3.1. Isotherm Results. First we show O 1s XPS spectra of
R-Fe2O3(0001) as a function of water pressure at 295 K
(isotherm). In Figure 2, the O 1s XPS spectra at selected water
pressures and the results of peak fitting are presented. The
binding energy (BE) of O 1s XPS spectra was calibrated by
fixing the oxide peak at 530.0 eV.63,64,78-81 At the lowest pressure
of 2 × 10-9 Torr before introducing water vapor, a broad oxide
(Ox) peak63,64,78-81 is observed with a small shoulder centered
at 531.2 eV. A similar shoulder feature with a chemical shift
of 1.0-1.3 eV from the Ox peak was often observed on clean
iron oxide surfaces in UHV.82-84 This feature has been suggested
to be due to nonstoichiometric oxygens or hydroxyl species
formed by residual water in the vacuum chamber or to final-
state effects such as shake-up, but it is still under debate.82-84

When the surface is exposed to 3 × 10-8 Torr of water vapor,
a significant shoulder is observed at ∼531.5 eV. This peak is
assigned to surface hydroxyl (OH) species on R-Fe2O3, in good
agreement with the reported BE values of OH.28,32,63 At a water
pressure of 2 × 10-6 Torr, an additional broad peak appears at
∼533.2 eV, which is assigned to adsorbed molecular water.28,83,85

With further increase in water pressure, the intensities of both
the OH and H2O peaks increase. At 0.1 (not shown) and 1 Torr,
a peak due to gas phase water is observed at ∼535.5 eV. At
these high vapor pressures, the XPS peaks of surface species
are attenuated in intensity due to the scattering of photoelectrons
by gas phase molecules. The peak position of the OH feature
shifts to lower BE’s at p(H2O) g 0.02 Torr (see Figure 2); the
chemical shift of OH with respect to the Ox peak (i.e., ∆E(OH-
Ox)) decreases from 1.51 eV (at p(H2O) ) 3 × 10-8∼5 × 10-4

Torr) to 1.29 eV (0.02 Torr), 1.26 (0.1 Torr), 1.17 eV (1 Torr).
In addition, the width of the Ox peak decreases with increasing
water pressure from 1.13 eV (at p(H2O) ) 3 × 10-8∼5 × 10-4

Torr) to 1.11 (0.02 Torr), 1.10 (0.1 Torr), 0.95 eV (1 Torr).
Note that the chemical shift and fwhm of the H2O peak remain
constant as water pressure increases.

3.2. Isobar Results. Figure 3a shows O 1s XPS spectra of
R-Fe2O3(0001) as a function of sample temperature at 1 Torr
water vapor pressure (isobar). The OH and H2O features in the
isobar exhibit spectral changes similar to those in the isotherm
shown in Figure 2. At the highest temperature (553 K, the rear
spectrum), the broad Ox peak is observed with the OH shoulder
at ∼531.5 eV. As temperature decreases to 283 K (moving from
the rear to the front spectra), the H2O peak appears at ∼533.2
eV and increases in intensity. The changes in O 1s XPS spectral
features are highlighted in Figure 3b, which compares the O 1s
XPS spectra at the highest and lowest temperatures; the OH
peak shifts to lower BE’s with decrease in temperature (∆E(OH-
Ox) ) 1.58 eV at 553 K and 1.03 eV at 283 K). In addition,
the width of the Ox peak is decreased from 1.15 eV at 553 K
to 0.92 eV at 283 K. The chemical shift and fwhm of the H2O

Figure 2. O 1s XPS spectra of R-Fe2O3(0001) as a function of water
pressure at 295 K. The incident photon energy was 690 eV. The binding
energy of the oxide (Ox) peak is fixed at 530.0 eV. The experimental
data are shown as gray dots and the results of the peak fitting are shown
as solid black lines. Note that the O 1s XPS spectrum at 1 Torr is
enlarged by a factor of 2 for clarity. As water pressure increases,
hydroxyl (OH) and molecular water (H2O) are observed on the
R-Fe2O3(0001) surface. At 1 Torr, a gas-phase water (H2O(v)) is
observed. The contribution from oxygen-containing carbon species
(C-O and OdCsO) to the O 1s XPS spectra is shown as a shaded
peak.



peak remain constant as the temperature decreases. These
changes in O 1s XPS spectral features will be discussed in detail
below.

3.3. Coverage Calibration. In order to obtain quantitative
insight into hydroxylation and hydration of R-Fe2O3 (0001), the
coverages of OH and H2O were estimated from the O 1s XPS
spectra using a multilayer electron attenuation model.75,86,87 In
this model, the water-dosed R-Fe2O3 (0001) surface is repre-
sented by a multilayer interface, from top to bottom, as H2O/
OH/Fe2O3(Ox); the bulk oxide (Ox) substrate is covered by a
hydroxylated (OH) layer of thickness tOH, and an adsorbed water
(H2O) layer of thickness tH2O. The OH and H2O overlayers are
assumed to be distributed uniformly across the XPS analysis
area with constant density and thickness. The contribution from
oxygen-containing carbon species (C-O and OdCsO) in O
1s XPS spectra was corrected as described in the Experimental
Section.

In general, the intensity of the XPS peak from a specific
component i of thickness ti is given by:

where D is the spectrometer efficiency for a given kinetic energy
(KE), � is the asymmetry parameter, Φ is the X-ray photon
flux, N is the atomic density, σ is the atomic photoionization
cross section, λ′ ) λ cos θ (λ is the inelastic mean free path

(IMFP) of photoelectrons, and θ is the emission angle of
photoelectrons from the surface normal).

In O 1s XPS spectra, the parameters such as D, �, and Φ are
constant and cancel out when taking the ratio of different
components. Thus the XPS intensity IH2O from adsorbed water
is given by

The XPS intensity IOH from hydroxyl species is given by a
similar expression except that the escape probability is multiplied
by the attenuation factor exp(-tH2O/λ′H2O) of the water overlayer

The XPS intensity IOx from an oxide substrate (Ox) is
attenuated by both the OH and H2O layers

By taking the intensity ratio of OH to Ox, the thickness of
the OH layer is calculated from

where

Similarly, the thickness of the H2O layer is obtained by taking
the intensity ratio of H2O to Ox

The thicknesses of the OH and H2O layers (tOH and tH2O) are
thus calculated from the intensity ratio of OH or H2O to the Ox
peak determined by fitting the experimental O 1s XPS spectra
as well as the values of the parameters Ni, σi, λi, and θ. The
details of peak fitting procedures for O 1s XPS spectra are
described in the Experimental Section. The fitting parameters
of O 1s XPS spectra are summarized in Table 1. It should be
noted that eqs 5 and 6 are also valid at ambient conditions where
the XPS intensities from surface species are equally attenuated
by gas-phase molecules, because the gas-phase attenuation is
canceled out when taking the ratio of OH or H2O to Ox.

In the present multilayer model, the hydroxylated and
adsorbed water layers on the R-Fe2O3(0001) surface are modeled
by bulk R-FeOOH (goethite) and bulk liquid water, respectively.
The atomic densities of the hydroxylated layer, NOH, and the
oxide layer, NOx, are obtained from the density of bulk R-FeOOH
(F ) 4.26 g cm-3 73) and bulk R-Fe2O3 (F ) 5.25 g cm-3 73),

Figure 3. (a) O 1s XPS spectra of R-Fe2O3(0001) recorded in the
presence of 1 Torr water vapor as a function of sample temperature.
From the rear to the front, the sample temperature decreases from 553
to 283 K. The incident photon energy was 690 eV. The binding energy
of the Ox peak is fixed at 530.0 eV. (b) Comparison of the O 1s XPS
spectra in (a) measured at the highest temperature of 553 K (solid line)
and at the lowest temperature of 283 K (dashed line). Note that the
spectra in (b) are normalized with the intensity of the Ox peak after a
Shirley background subtraction. In addition to the appearance of water
peak at ∼533.2 eV, the OH peak shifts to lower binding energies and
the width of the Ox peak decreases.

Ii ∼ Di�iΦiNiσi ∫0

i
exp(- z

λ′i) dz

) Di�iΦiNiσiλi
′(1 - exp(- ti

λi
′)) (1)

IH2O ∼ NH2OσH2Oλ′H2O(1 - exp(- tH2O

λ′H2O)) (2)

IOH ∼ NOHσOHλ′OH(1 - exp(- tOH

λ′OH
)) exp(- tH2O

λ′H2O)
(3)

IOx ∼ NOxσOxλ′Ox exp(- tOH

λ′OH
) exp(- tH2O

λ′H2O) (4)

tOH ) λ′OH ln(1 + ROx
OH) (5)

Ra
b )

Ib

Ia
(Naσaλ′a
Nbσbλ′b)

tH2O ) λ′H2O ln(1 + ROx
H2O exp(- tOH

λ′OH
)) (6)

Water Adsorption on R



respectively; NOH ) 5.77 × 1022 cm-3, NOx) 5.94 × 1022 cm-3.
The atomic density of adsorbed water, NH2O, is assumed to be
that of bulk liquid water at 298 K (F ) 0.997 g cm-3 73); NH2O

) 3.33 × 1022 cm-3. The photoionization cross sections, σ, for
oxide, OH, and H2O are constant. The IMFP for each layer is
calculated using the NIST IMFP database (#71)88 with the
Tanuma-Penn-Powell method (TPP-2M) equation.89 The
IMFP of an electron in a solid depends on its kinetic energy. In
the O 1s XPS spectra measured with an incident photon energy
of 690 eV, for example, the kinetic energy of O 1s XPS
photoelectrons is about 155 eV. At 155 eV, the IMFP for each
layer in the H2O/OH/Fe2O3(Ox) system is as follows: λH2O )
0.967 nm, λOH ) 0.677 nm, and λOx ) 0.625 nm. [In the TPP-2
M equation to calculate IMFP for each layer, the following
parameter values were used; band gap (Eg), density (F), and
the number of valence electrons (Nv). H2O: Eg ) 6.9 eV,90 F )
0.997 g cm-3,73 Nv ) 8. R-FeOOH (OH): Eg ) 2.1 eV,91 F )
4.26 g cm-3,73 Nv ) 21. R-Fe2O3 (Ox): Eg ) 2.2 eV,2 F ) 5.25 g
cm-3,73 Nv ) 34.] The emission angle of photoelectrons from
the surface normal, θ, was fixed at 42.1° in this study. The
calculated thicknesses of the OH and H2O layers are converted
into coverage in monolayer (ML) units by dividing by the
following definitions of 1 ML thickness for each component.
One ML of adsorbed water is defined as an average thickness
of a molecular layer in bulk liquid water (0.31 nm), which is
the cubed-root of bulk liquid water density at 298 K (F ) 0.997
g cm-3 73). One ML of hydroxyls is defined using the lattice
constant of bulk R-FeOOH (b ) 0.3021 nm).2

It is appropriate to discuss possible limitations in the
multilayer model used in this study for the coverage calibration
of OH and H2O. As mentioned earlier, uniform layers of OH
and H2O are assumed in the present multilayer model. The
adsorbed water layer, however, may grow as three-dimensional
islands. Recent experimental and theoretical studies showed that
the adsorbed water layers on oxides and carbonates can be quite
nonuniform.92-94 A detailed discussion on the morphology of
the adsorbed water layer would require additional measurements
by microscopic methods with a spatial resolution such as

scanning tunneling microscopy. In addition, one may question
if the surface hydroxyl layer on R-Fe2O3(0001) can be repre-
sented by bulk R-FeOOH. Although goethite (R-FeOOH) is the
most stable iron oxyhydroxide and the transformation of
hematite (R-Fe2O3) to goethite (R-FeOOH) is thermodynami-
cally favorable in bulk,2,16 the formation of R-FeOOH has not
been experimentally observed on the R-Fe2O3 surface under
ambient conditions and in contact with liquid water.22,28

However, the OH chemical shift of R-Fe2O3(0001) at high RHs
in the present study agrees well with previously reported OH
chemical shifts of R-FeOOH (1.1-1.3 eV)78-81,95 Furthermore,
as the thickness of one hydroxylated layer (0.3021 nm) in the
present model is close to the diameter of an OH group (0.27
nm),96 using R-FeOOH as a model for the hydroxylated
R-Fe2O3(0001) surface is a reasonable approximation.

3.4. Uptake of OH and H2O: Comparison of Isotherm and
Isobar Data. Figure 4 compares the uptake curves of OH and
H2O on R-Fe2O3(0001) obtained from one isotherm at 295 K
and three isobars at different water pressures (0.02, 0.1, and 1
Torr). Also included in Figure 4 are the high RH data measured
at p(H2O) ) 1.0-2.0 Torr and T ) 280-277 K. The coverages
of OH and H2O are plotted as a function of RH. RH is plotted

TABLE 1: Summary of O 1s XPS Spectral Features for
Surface Species on r-Fe2O3(0001)a

species BE (eV) fwhm (eV) L/G (%)b

Ox 530.00c 1.15-0.92d,e 10
(0)

OH 531.58-530.97d,e 1.82e 0
(1.58-0.97)

H2O 533.25e 1.52e 0
(3.25)

C-O, OdCsO 531.82f 1.86f 0
(1.82)

a The fitting parameters are reported for the surface species on
R-Fe2O3(0001) including oxide (Ox), OH, H2O, and oxygen-
containing carbon species (C-O and OdCsO): Binding energy
(BE) (the values in the parentheses are chemical shift from Ox
peak), full width at half-maximum (fwhm), Lorentzian- Gaussian
(L/G) mixing ratio. b L/G is a parameter of linear combination of
Lorentzian and Gaussian; L/G ) 0 for 100% Gaussian and L/G ) 1
for 100% Lorentzian. c The binding energy of oxide (Ox) peak was
fixed at 530.00 eV. d The peak shift of OH to lower BE and the
peak narrowing of Ox were observed as RH increases (see the main
text for details). e Typical variations between different data sets
were less than (0.05 eV for BE’s of OH and H2O and less than
(0.07 eV for fwhm’s of OH and H2O. f The peak position and
fwhm of oxygen-containing carbon species (C-O and OdCsO)
were experimentally determined (see the experimental section for
details).

Figure 4. Coverages of OH and H2O on R-Fe2O3(0001) as a function
of relative humidity (RH). To enlarge the low and high RH regions,
the RH on the x-axis is plotted on a logarithmic scale in (a), and on a
linear scale in (b). RH is defined as p′/pv(T) × 100, where pv is the
equilibrium vapor pressure of bulk water at the sample surface
temperature. The influence of the temperature difference between gas
and surface on RH in isobar experiments is corrected in p′ (see the
text for details). The coverages of OH (filled symbols) and H2O (open
symbols) are obtained from an isotherm (T ) 295 K) (circles in black)
and three different isobars; p(H2O) ) 0.02 Torr (down-pointing triangles
in blue), 0.1 Torr (up-pointing triangles in orange), 1 Torr (squares in
red). In addition, the high RH data measured at p(H2O) ) 1.0-2.0
Torr and T ) 280-277 K (diamonds in red) are included in the figure.

F J. Phys. Chem. C, Vol. xxx, No. xx, XXXX Yamamoto et al.



on a logarithmic scale in Figure 4a and on a linear scale in
Figure 4b to enlarge the low and high RH regions, respectively.
RH is defined as p′/pv(T) × 100, where pv is the equilibrium
vapor pressure of bulk water73 at the sample surface temperature.
In isobar experiments, the temperature of the gas (Tgas) was room
temperature and was different from the surface temperature
(Tsurf). Using Tsurf to calculate RH is thus not strictly correct. In
this study the error in RH induced by using Tsurf is corrected in
the following way. In adsorption-desorption equilibrium, the
rates of adsorption and desorption are equal. The rate of
adsorption is proportional to the incident flux, which depends
on the gas pressure, p, and Tgas as p/�Tgas; the rate of desorption
depends on Tsurf as exp(-E/kTsurf). One can see that Tsurf is a
dominant factor that determines adsorption-desorption equi-
librium. In addition, if Tgas is not equal to Tsurf (i.e., in isobars),
only the rate of adsorption is affected, which leads to the change
in the gas pressure in adsorption-desorption equilibrium as p′
) p(Tgas/Tsurf)1/2. This corrected gas pressure, p′, was used to
calculate RH in this study.

The uptake curve of OH shows that hydroxylation of
R-Fe2O3(0001) occurs at the very low RH of ∼1 × 10-7 %
(see Figure 4a). The OH coverage then increases slowly between
1 × 10-7 and ∼10-3 % RH. Above ∼10-3 % RH, which
coincides with the onsets of water adsorption, the OH coverage
increases more rapidly and approaches 1 ML at the maximum
RH of 34% (see Figure 4b).

In the uptake curve of H2O, the onsets of water adsorption
are different for the isobars and the isotherm. Here the onset of
water adsorption is defined as the point at which the coverage
of adsorbed H2O is 0.05 ML. The onset of water adsorption in
the isotherm at 295 K is at ∼2 × 10-5 % RH (p(H2O) ≈ 5 ×
10-6 Torr), while the onsets in the isobars are observed at higher
RH’s. In addition, the onset of water adsorption is observed at
higher RH’s as water pressure in the isobar increases as follows:
∼4 × 10-3 % RH (p(H2O) ) 0.02 Torr at ∼369 K), ∼7 ×
10-3 % RH (p(H2O) ) 0.1 Torr at ∼388 K), and ∼3 × 10-2 %
RH (p(H2O) ) 1 Torr at ∼416 K). The coverage of water
increases rapidly with an inflection point at ∼0.75 ML at ∼8%
RH, and reaches 1 ML at ∼15% RH and 1.5 ML at the
maximum RH of 34% in this study.

3.5. Depth Profiling. The depth distribution of the various
chemical species on R-Fe2O3(0001) was investigated using depth
profiling by variation of incident photon energy. Because the
IMFP of an electron in a solid depends on its kinetic energy
(KE), the probing depth in XPS can be varied with the incident
photon energy (hν); KE ) hν - BE - Φ (where Φ is work
function). Figure 5a shows O 1s XPS spectra of R-Fe2O3(0001)
recorded in the presence of 1 Torr water vapor at 295 K (∼5%
RH) as a function of incident photon energy. All the spectra
are normalized to the intensity of the Ox peak at 530.0 eV after
a Shirley background subtraction to clearly show spectral
changes with depth profiling. The incident photon energy was
varied from 660 to 900 eV (from ∼125 to ∼365 eV in KE),
which leads to an IMFP range from 0.579 to 0.988 nm in the
case of Fe2O3.88 As seen in Figure 5a, the intensities of the OH
and H2O peaks relative to the Ox peak decreases as the incident
photon energy (i.e., the probing depth) increases. These changes
indicate that OH and H2O are located at the R-Fe2O3(0001)
surface. Figure 5b presents the coverages of OH and H2O on
R-Fe2O3(0001) calculated from the O 1s XPS spectra in Figure
5a using the multilayer model. The coverages of OH and H2O
appear to be constant at 0.90 ( 0.05 and 0.72 ( 0.01 ML,
respectively, regardless of probing depth. The depth-profiling
experiment thus shows that hydroxylation on R-Fe2O3(0001)

under the present experimental conditions is limited to the
topmost surface.

3.6. Discussion. 3.6.1. Uptake CurWes of OH and H2O on
r-Fe2O3(0001). First we discuss the uptake curves of OH and
H2O on R-Fe2O3(0001). The hydroxylation on R-Fe2O3(0001)
occurs at the very low RH of 1 × 10-7 % (3 × 10-8 Torr at
295 K). The coverage of OH increases with an increase in RH,
and increases more rapidly after the onset of water adsorption.
This may be attributed to a cooperative effect among adsorbed
water molecules, resulting in water dissociation as reported for
metals97 and oxides.98-100 The water-catalyzed dissociation is
explained by the stabilization of the dissociated final state due
to the strong hydrogen bond between H2O and OH, which
lowers the kinetic barrier for water dissociation.97 At high RH’s
the R-Fe2O3(0001) surface is covered with 1 ML of OH species.
This maximum coverage of OH is consistent with previous
studies where 1 ML of hydroxyl species was observed on
hematite powders exposed to ambient pressure water vapor101,102

and on the R-Fe2O3(0001) single crystal exposed to air or
immersed in bulk water.28

The onset of water adsorption varies from ∼2 × 10-5 to ∼4
× 10-2 % RH depending on sample temperature and water
pressure. In Figure 4, it should be noted that at the same RH
the data points from the isobars are measured at much higher
temperatures than the isotherm at 295 K. For example, at ∼2
× 10-3 % RH the data point from the isotherm at 295 K was
measured in ∼4 × 10-4 Torr water vapor, whereas the data
point from the 1 Torr isobar was measured at ∼535 K. The
different onsets of water adsorption between the isobars and

Figure 5. (a) O 1s XPS spectra of R-Fe2O3(0001) recorded in the
presence of 1 Torr water vapor at 295 K as a function of incident photon
energy. With an increase in the incident photon energy, the probing
depth is increased because the inelastic mean free path (IMFP) of the
emitted photoelectron is increased. All the spectra are normalized with
the intensity of the Ox peak at 530.0 eV after a Shirley background
subtraction. (b) Coverages of OH and H2O on R-Fe2O3(0001) under 1
Torr water vapor at 295 K obtained from O 1s XPS spectra in (a) with
different probing depths using a multilayer model. In the peak fitting
of O 1s XPS spectra in (a), the chemical shifts for OH and H2O from
the Ox peak were kept constant; the fwhm ratio of OH and H2O to Ox
was kept constant to take into consideration the fact that spectral
resolution decreases with increasing the incident photon energy.
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the isotherm may reflect a kinetic effect on water adsorption
(e.g., temperature dependence of sticking probability of water
molecules).

The water coverage reaches to 1 ML at ∼15% RH and
increases to 1.5 ML at 34% RH. Although the inflection point
(∼0.75 ML) close to 1 ML in the uptake curve of water might
indicate a layer-by-layer growth of water on the hydroxylated
R-Fe2O3(0001) surface, inflection points at 2 and 3 ML at higher
RHs than those in this study must be observed to confirm this
argument. The uptake curve of water in this study is in
quantitative agreement with the adsorption isotherm measured
on hematite powders at 298 K using the volumetric method.103

3.6.2. Spectral Features in O 1s XPS Spectra. Next we
discuss the changes in the binding energy and peak width of
each component (H2O/OH/Ox) in the O 1s XPS spectra of
water-dosed R-Fe2O3(0001). Two characteristic changes are
observed in O 1s XPS spectra at higher RH’s: (1) the peak
position of OH shifts to lower BE, and (2) fwhm of the Ox
peak decreases. Figure 6 shows (a) the chemical shift of OH
relative to Ox, ∆E(OH-Ox), and (b) fwhm of the Ox peak as a
function of RH in the O 1s XPS spectra for the 1 Torr isobar
on R-Fe2O3(0001) shown in Figure 3. It should be noted that
the chemical shift ∆E(H2O-Ox) and fwhm of adsorbed water
remain constant in the RH range investigated in this study (RH
e 34%).

3.6.2.1. Peak Shift of the OH Peak. The chemical shift
∆E(OH-Ox) in the 1 Torr isobar is about 1.55 eV at the low
RH of ∼10-3-10-2 % and decreases to 1.35 eV at 0.12% RH,
finally reaching a minimum of 1.05 eV at the high RH of ∼10%
(see Figure 6a and Figure 3). The OH chemical shift of
R-Fe2O3(0001) at high RH’s agrees well with previously
reported OH chemical shifts of R-FeOOH (1.1-1.3 eV).78-81,95

There are a few possible explanations for the peak shift of OH
observed at high RH’s: (1) H-bonding of OH with water, (2)
different types of OH species, and (3) surface reconstruction of
the R-Fe2O3(0001) surface.

Concerning explanation (1) above, it is noteworthy that
∼0.20 ML of adsorbed water is required on the surface to
exhibit a distinguishable change (>0.10 eV) in the chemical
shift of the OH peak. In the 1 Torr isobar (Figure 6a and

Figure 3), for example, the chemical shift ∆E(OH-Ox)
decreases from ∼1.55 to 1.35 eV at 0.12% RH where 0.16
ML H2O is adsorbed on the surface. A similar relationship
between the OH peak shift and water adsorption is found
for other isobars at 0.1 and 0.02 Torr as well as for the
isotherm at 295 K. Interestingly, upon H-bonding with
adsorbed water, the O 1s XPS peak of OH groups on Cu(110)
shifted to higher BE by 0.5 eV,104 which is opposite to that
observed for OH groups on R-Fe2O3(0001) in the present
study. In addition to Cu(110), the BE of OH groups on a
Cu2O thin film shifted to higher BE by 0.2 eV upon
H-bonding with adsorbed water.105 In contrast, no chemical
shift was observed for OH species on TiO2(110) upon
H-bonding with water.106 In general, OH species adsorbed
on metal surfaces carry a partial negative charge that depends
delicately on the interaction with the substrate.107 This
interaction makes OH on metal surfaces act as a Brønsted
base in the H2O(donor)-OH(acceptor) complex. The opposite
peak shift of OH on R-Fe2O3(0001) may be attributed to the
different Brønsted acid/base character of OH groups and the
different H-bonding nature of the H2O-OH complex on
R-Fe2O3(0001) compared with metal surfaces such as Cu(110).
To understand the complex behavior of OH species on
R-Fe2O3(0001) and other oxide surfaces like Cu2O and
TiO2(110) upon water adsorption, however, it requires a
theoretical study of the chemical bonding between OH and
H2O and the resulting change in electronic structure (i.e.,
chemical shift in XPS) using methods such as DFT.

Regarding explanation (2), which involved different types of
OH species on the R-Fe2O3(0001) surface, previous theoretical
studies40,58 showed that heterolytic dissociative adsorption (H2O
T OH- + H+) is energetically favored over homolytic dis-
sociative adsorption (H2O T HO• + 1/2 H2). The heterolytic
dissociation of water molecules on the R-Fe2O3(0001) surface
produces two types of surface hydroxyl groups. One OH species
containing the oxygen atom of the water molecule is bonded to
the iron atom on the R-Fe2O3(0001) surface (HO-Fe); the other
OH is formed by the attachment of the H fragment of the
dissociated water molecule to a lattice oxygen (H-Olattice) on
the R-Fe2O3(0001) surface. These different OH groups and/or
these OH species with H-bonding to H2O are in different
chemical environments, which may also explain the observed
peak shift of OH species on R-Fe2O3(0001).

Concerning explanation (3), which involves surface recon-
struction of R-Fe2O3(0001) at high RH’s, Trainor et al.40 showed
that the hydroxylated hematite surface at ambient conditions
(>90% RH) consists of two distinct domains -a hydroxylated
single-layer Fe termination and a hydroxylated oxygen termina-
tion. These differences in surface structure may be responsible
for the observed peak shift of OH species in this study. Because
there is no information available regarding the pressure (or RH)
at which this surface reconstruction occurs, however, it is not
clear whether surface reconstruction occurs at the lower RH
conditions (RH e 34%) in the present study.

3.6.2.2. Peak Narrowing of the Oxide Peak. Next we turn
to the change in fwhm of the Ox peak as a function of RH. In
the 1 Torr isobar (Figure 6b and Figure 3), the fwhm(Ox)
decreases by ∼0.2 eV from 1.15 to 0.93 eV. The fwhm(Ox)
decreases before the onset of water adsorption, which occurs at
∼3 × 10-2 % RH in the 1 Torr isobar. The same trend is also
observed for other isobars at 0.02 and 0.1 Torr. In the isotherm
at 295 K (Figure 2), however, the fwhm(Ox) starts to decrease
at substantially higher RH (∼0.1% RH; p(H2O) ) 0.02 Torr at
T ) 295 K) than the onset of water adsorption (∼2 × 10-5 %

Figure 6. (a) Chemical shift of OH species relative to oxide (Ox) as
a function of RH. (b) Full width half-maximum (fwhm) of the Ox peak
as a function of RH. The data are derived from the O 1s XPS spectra
on R-Fe2O3(0001) recorded in the presence of 1 Torr water vapor as a
function of sample temperature as shown in Figure 3.
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RH; ∼5 × 10-6 Torr at 295 K). Although the origin of the
large difference in the onset of the fwhm(Ox) decrease between
the isobars and the isotherm is not clear, the sharpening of the
Ox peak at high RH’s might be related to an adsorbate-induced
surface core-level shift (SCLS). The core-level binding energy
of surface atoms is shifted from that of bulk atoms due to the
difference in the electronic distribution before core-hole excita-
tion (initial-state effect) and the screening efficiency of core-
holes (final-state effect).108 In addition, the core-level binding
energy of surface atoms is changed upon adsorption of surface
chemical species on the clean surface. In the present case, the
oxygen atoms on the clean R-Fe2O3(0001) surface might produce
a broadening of the Ox peak due to SCLS. On the adsorbate
(OH and H2O)-covered surface, the core-level binding energy
of surface oxygen atoms may shift to that of OH or toward that
of bulk oxygen atoms, which could lead to the decrease in
fwhm(Ox).

As discussed above, it is not straightforward to clarify the
origin of the OH peak shift and the narrowing of the Ox peak
on R-Fe2O3(0001) at high RH’s. It would be beneficial to carry
out DFT calculations on chemical shifts for OH groups at the
different surface sites and on the reconstructed surface, and the
change in chemical shifts of OH upon H-bonding to water. In
addition, simulation of SCLS would be helpful in understanding
the origin of the narrowing of the Ox peak. Indeed the recent
study on the interaction of RuO2(110) with molecular hydrogen
using XPS and DFT calculations revealed in detail the different
chemical shifts of OH groups at different surface sites as well
as chemical shifts upon hydrogen bonding and the SCLS of
surface oxygen species.109

3.6.3. Comparison with the PreWious ex Situ XPS Study.
Here we compare results from the present in situ XPS study of
hydroxylation and water adsorption on R-Fe2O3(0001) at near
ambient conditions with those from an earlier ex situ XPS study
carried out by some of our coauthors.30 The previous ex situ
XPS study suggested that dissociative water adsorption on
R-Fe2O3(0001) occurs first at defect sites and then extensive
hydroxylation proceeds at terrace sites above any threshold
pressure of ∼10-4 Torr. As seen in Figures 2 and 4, the present
study does not observe a distinct threshold pressure for
hydroxylation on R-Fe2O3(0001). It is noteworthy that there are
a few distinct differences in the spectral features of O 1s XPS
spectra between the present in situ XPS study and the previous
ex situ XPS study. First, in the ex situ XPS study the chemical
shift ∆E(OH-Ox) is ∼1.5 eV below the threshold water pressure,
which is consistent with the ∆E(OH-Ox) value observed in the
present study at low RH’s (1.5 eV) and in other earlier studies
(1.4-1.6 eV).28,32,63 Above the threshold water pressure, how-
ever, the OH peak was reported to shift to higher BE’s and the
∆E(OH-Ox) value increases to 1.9-2.2 eV. These observations
are in contrast with results from the present study where the
OH peak shifts to lower BEs and ∆E(OH-Ox) decreases to 1.1
eV at high RHs. Second, the OH:Ox intensity ratio in the
previous ex situ XPS study is ∼0.5 below the threshold water
pressure, which is again in agreement with the present study;
however, the OH:Ox intensity ratio was found to increase
dramatically up to 4.58 (2.89) above the threshold water pressure
(for a 3 min, 9 (0.08) Torr exposure) in the previous ex situ
study, which is much higher than the maximum OH:Ox ratio
of 0.91 observed at the highest RH of 34% (p(H2O) ) 2 Torr
at T ) 277 K) in the present study. Using the multilayer model
in this study, the coverage of OH on R-Fe2O3(0001) is estimated
to be 2.8 (2.2) ML from the OH:Ox ratio of 4.58 (2.89), which

indicates that hydroxylation must have proceeded into the
subsurface region of R-Fe2O3(0001) in the ex situ study.

This large difference in hydroxylation behavior between the
in situ and ex situ XPS studies may have originated from the
differences in the two samples: a cut and polished natural
hematite crystal was used in the present study, whereas a thin
film (∼300 Å) of hematite deposited on an R-Al2O3(0001)
substrate by oxygen-plasma-assisted molecular beam epitaxy
was studied in the previous ex situ XPS study. In addition, the
sample surface in the previous ex situ XPS study might have
been covered by adventitious carbon after the sample was
exposed to high water pressures in a transfer unit, although the
coverage of C contamination was estimated to be less than 0.2
ML in the worst cases.30 The large chemical shift of 1.9-2.2
eV observed in the previous ex situ XPS study can be well
explained if oxygen-containing C contaminants such as meth-
oxies, formates, and carboxylates were present on the thin-film
hematite sample.110,111 The origins of the large difference in
hydroxylation behavior are not completely understood at this
point.

4. Conclusions

Ambient pressure XPS was used to study the adsorption of
water on the R-Fe2O3(0001) surface under near ambient condi-
tions up to 34% RH. We have found that water molecules are
adsorbed on the hydroxylated R-Fe2O3(0001) surface. Hydroxy-
lation on R-Fe2O3(0001) is initiated at the very low RH of 1 ×
10-7 % (3 × 10-8 Torr at 295 K). With an increase in RH,
both OH and H2O coverages increase. OH coverage increases
up to 1 ML without any distinct threshold water pressure, as
suggested in a previous ex situ XPS study.30 A depth profiling
experiment showed that hydroxylation occurs only at the
topmost surface of R-Fe2O3(0001) under our experimental
conditions. Molecular water starts to adsorb on R-Fe2O3(0001)
at ∼2 × 10-5 % RH at 295 K (∼4 × 10-6 Torr). The onset of
water adsorption varies from ∼2 × 10-5 to ∼4 × 10-2 % RH
depending on sample temperature and water pressure. H2O
coverage reaches 1 ML at ∼15% RH and increases to 1.5 ML
at the maximum RH of 34% in this study.
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