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Abstract: We present a mechanistic study on the interaction of
water with a well-defined model Fe3O4(111) surface that was
investigated by a combination of direct calorimetric measure-
ments of adsorption energies, infrared vibrational spectrosco-
py, and calculations bases on density functional theory (DFT).
We show that the adsorption energy of water (101 kJ mol¢1) is
considerably higher than all previously reported values
obtained by indirect desorption-based methods. By employing
18O-labeled water molecules and an Fe3O4 substrate, we proved
that the generally accepted simple model of water dissociation
to form two individual OH groups per water molecule is not
correct. DFT calculations suggest formation of a dimer, which
consists of one water molecule dissociated into two OH groups
and another non-dissociated water molecule creating a thermo-
dynamically very stable dimer-like complex.

Materials based on iron oxides are of crucial importance for
many technological and environmental applications.[1] Under
natural humid conditions, they are exposed to water, which
strongly affects their structure and reactivity in surface
chemical processes.[2] Despite of the vast importance of the
water/iron oxide(s) interaction, the atomistic-level under-
standing of this system is rather limited, mostly due to the fact
that it has been commonly addressed by methods, such as for
example, temperature programmed desorption (TPD) or
photoelectron spectroscopy (PES), which are based on
assumptions in order to extract information on adsorption
energies and molecular speciation. Interaction of water with
different types of oxides was previously investigated at the
atomistic level on model surfaces of TiO2,

[3] ZnO,[4] Fe3O4,
[5]

Fe2O3,
[6] RuO2,

[7] and some others. Despite the large amount
of available data, mainly obtained by imaging techniques, the
reliable spectroscopic identification of surface species formed

on these oxides is rare and relates mostly to very high water
coverages;[4b, 8] nearly no spectroscopic information is present
on the initial stages of water interaction with oxides.

Particularly for magnetite (Fe3O4), there is a limited
knowledge on the nature of the surface species formed upon
water adsorption and dissociation. Even though infrared
vibrational spectroscopy of adsorbed water on well-defined
model Fe3O4 surfaces provides some evidences for the
formation of hydroxy groups, the spectra are rather com-
plex[5c] and not fully understood. Specifically, it is not clear if
the simplest model which suggests the formation of two
individual hydroxy groups upon dissociation of one water
molecule[3b, 5c]—usually discussed in the literature—is valid.

Previous TPD studies suggest a very low binding energy of
water on Fe3O4 (ca. 65 kJmol¢1),[2a,5c,9] that is, close to
adsorption energies typical of molecular adsorption on
chemically inert surfaces (50 kJmol¢1). This observation
cannot be rationalized on the common chemical grounds as
water is known to dissociate on Fe3O4 and form hydroxy
groups, as clearly evidenced by the corresponding spectro-
scopic signatures.[5c,10] This apparent contradiction arises most
likely from the limited applicability of TPD to complex
dissociative processes and from the need for a kinetic
modeling of the desorption process. A strategy to overcome
these limitations is the direct calorimetric measurement of
adsorption energies under isothermal conditions.[11]

Here, we report the first direct calorimetric measurement
of the water interaction strength with a well-defined model
Fe3O4(111) surface grown on Pt(111) under ultrahigh vacuum
(UHV) conditions. So far Fe3O4(111) has been studied to
a lesser extent compared to the (100) surface, but the (111)
orientation[12] is the natural growth facet making it more
relevant for applications under ambient conditions. We apply
a recently developed UHV single-crystal adsorption calori-
meter[11b] (SCAC) based on molecular beam techniques to
directly measure water adsorption and dissociation energies
as a very detailed function of surface coverage. Complemen-
tary, we employ infrared reflection absorption spectroscopy
(IRAS) in combination with molecular beam techniques to
identify the nature of the surface species formed upon water
adsorption and to find detailed correlations between the
structures of the adsorbates and the energies of their
formation. We show that the water dissociation energy on
Fe3O4(111) is considerably higher than previously reported,
based on indirect desorption methods. By employing IRAS
on isotopically labeled water and Fe3O4, we experimentally
prove that the generally accepted simple model of water
dissociation to form two individual OH groups is not valid.
Previous computational studies on water adsorption at the
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Fe3O4(111) surface[5a, 13] could not provide a definite atomistic
picture of this process. Combining experimental findings with
calculations based on density functional theory (DFT), we
show that surface OH groups formed upon water dissociation
establish a very stable complex with molecular water. Con-
versely, formation of two individual spatially separated OH
groups could be unambiguously ruled out. Calculated spec-
troscopic vibrational signatures as well as the formation
energy of the corresponding OH–water complex agree with
experimental observations.

Figure 1a shows the differential adsorption energy of
water measured at 120 K at three different surfaces—metallic

Pt(111) and two thin iron oxide layers FeO/Pt(111) and
Fe3O4(111)/Pt(111)—as a function of the number of adsorbed
water molecules. The energy measurement was combined
with a sticking coefficient measurement using the King-Wells
method,[14] allowing for a quantitative determination of the
absolute number of adsorbed water molecules. On the first
two surfaces, the initial adsorption energy amounts to about
47 kJ mol¢1 and remains nearly constant while water is
accumulated and finally forms water ice. Low adsorption
energies measured on these surfaces are indicative of
a molecular adsorption process. In contrast, the initial
adsorption energy of water on the Fe3O4/Pt(111) surface
reaches 87 kJmol¢1, pointing to a strong chemical interaction,
that is, dissociation. The adsorption energy strongly decreases
with increasing water coverage, which might be due to
interatomic repulsion of neighboring adsorbates and/or
increasing competition for the electrons of the Fe3O4 sub-
strate to participate in the bonding. The measured energy
levels off after adsorption of about 1.25 × 1015 water molecules
per square centimeter.

The differential adsorption energies of water interacting
with the Fe3O4 substrate at four different surface temper-
atures (120, 180, 240, and 300 K) are shown in Figure 1b.
While water adsorption at 120 K starts from 87 kJ mol¢1 and

results in water ice formation at high coverage, the initial
adsorption energy at higher temperatures reaches 101�
2 kJmol¢1 and no multilayer ice is formed, in agreement
with previous observations.[9] An increase of the initial
binding energy from 87 kJmol¢1 at 120 K to 101 kJ mol¢1 at
temperatures above 180 K is most likely related to a kinetic
hindrance of water dissociation at 120 K. Since the initial
adsorption energy remains constant for all temperatures
above 180 K, this value can be considered as the true
thermodynamic value that is not affected by slow kinetics of
water dissociation. Qualitatively, the coverage dependence of
the water adsorption energy remains similar to 120 K,

however, saturation is
reached at lower abso-
lute water coverage (see
Table S3.1 in the Sup-
porting Information).
After reaching satura-
tion, the adsorption
system runs into
a dynamic adsorption–
desorption equilibrium
(indicated as solid lines
at the end of each
adsorption curve), in
which adsorption
during the molecular
beam pulse is compen-
sated by desorption
between two pulses.
Water adsorption ener-
gies previously mea-
sured by TPD are 30–
35 kJmol¢1 lower than
the value of

101 kJmol¢1 obtained in the present study,[2a, 15] which we
attribute to the kinetic nature of the TPD experiment and the
often crude assumptions for pre-exponentials.

To obtain more insight into the atomistic details of water
adsorption and dissociation on magnetite surfaces, we moni-
tored the formation of different surface species by IRAS in
a temperature range between 120 and 500 K. Figure 2 a shows
the IR spectra obtained after water adsorption on Fe3O4(111)
at 300 K. The uppermost trace was recorded for D2O
molecules adsorbed on regular Fe3O4(111). This spectrum
exhibits two distinct vibrational bands at 2720 and 2695 cm¢1,
which were also observed for all other investigated temper-
atures at lowest water coverage. At 300 K, there are no
coverage-dependent changes of the spectra, except of the
absolute intensity of the bands. At lower temperatures new
vibrational features appear with increasing coverage. In
a previous study, vibrational bands in a similar frequency
range were observed at low water coverage and were assigned
to two individual hydroxy groups.[5c] It was suggested that one
of the OD groups binds to an iron atom, while D binds to
a surface oxygen to form a second type of an OD group. To
verify or falsify this assignment, we prepared an isotopically
labeled Fe3

18O4(111) film and recorded IR spectra of D2O.
The expected shift of the vibrational band at 2695 cm¢1

Figure 1. a) Differential adsorption energy measured at 120 K plotted as a function of the number of adsorbed
H2O molecules for Pt(111), FeO(111)/Pt(111), and Fe3O4(111)/Pt(111). b) Differential adsorption energy of H2O
on Fe3O4(111)/Pt(111) as a function of the number of adsorbed H2O molecules measured at different temper-
atures.
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(previously assigned to an OD group involving lattice
oxygen) was not observed (blue spectrum in Figure 2a). In
contrast, when double isotopically labeled water (D2

18O) was
adsorbed on regular Fe3O4, both vibrational peaks shifted to
lower frequencies by 16 and 18 cm¢1, correspondingly (green
spectrum in Figure 2a). These observations clearly prove that
the low-frequency vibrational band (2695 cm¢1) does not
originate from D adsorption on the surface oxygen as
previously assumed. Instead, both OD vibrations involve an
O-atom originating from gas-phase dosed water. This obser-
vation provides clear experimental evidence, that these
vibrational features cannot be explained in a simple way by
two individual OD groups created upon dissociation of
a single water molecule and that the previously discussed
model is incorrect.

The series of spectra shown in Figure 2b demonstrates
that adsorption of the surface species is fully reversible. The
surface was saturated first with H2O (uppermost spectrum)
and subsequently was exposed to D2O via a second molecular
beam. After about 1.5 L (1 L = 10¢6 Torrs) D2O exposure, full
replacement of H2O-related species (3690 and 3658 cm¢1) by
the D2O-related species (2720 and 2695 cm¢1) was detected
(blue spectra in Figure 2 b). Vice versa, by exposing the D2O-
covered surface to an H2O molecular beam, a complete
exchange of D2O-related species by H2O-related species was
observed. Importantly, the intensity of both vibrational bands
was decreasing (increasing) simultaneously with the same
characteristic time constant, that is, there was no pronoun-
cedly faster vanishing of one of the bands as compared to the
other. These observations—alongside with results of the
isotopic labeling experiments—indicate that the observed
surface species are very likely coupled rather than fully
spatially separated on the surface as in the latter case
exchange kinetics with different characteristic time constants
are to be expected.

To obtain detailed atomistic insight
into the interaction of water with the
magnetite surface, we accomplished
a DFT study using the PBE + U
approach. Figure 3 shows the optimized
structures of one and two water mole-
cules adsorbed on the octahedrally
(Feoct2, Figure 3a and b) and tetrahe-
drally (Fetet1, Figure 3c and d) termi-
nated Fe3O4(111) surfaces as well as the
respective adsorption enthalpies.
According to our data and previously
published studies on the stabilities of
bulk terminated Fe3O4(111) surfaces, the
Feoct2 and Fetet1 terminations are 1) com-
parably stable in surface energy, and
2) they are the most stable ones for
a broad range of oxygen chemical
potentials.[16] Vibrational frequencies
computed for all experimentally inves-
tigated isotopically labeled configura-

tions of either water or the iron oxide surface are summarized
in Table 1.

Adsorption of a single D2O molecule on the Feoct2

terminated surface, which corresponds to a coverage of 3.2 ×
1014 cm¢2, results in water dissociation and formation of two
individual OD groups with the corresponding formation
enthalpy of ¢133 kJmol¢1 (Figure 3a). While the calculated
frequency of the OD group coordinated to the Fe cation
(2754 cm¢1) agrees well with the experimentally observed
range 2720–2695 cm¢1; the frequency of an OD vibration
involving a 3-fold coordinated surface oxygen atom - indi-
cated in the literature as “bridging OH”[3b]—was found to be
considerably lower (2439 cm¢1). Experimentally, no vibra-

Figure 2. a) IRAS spectra obtained at 300 K on Fe3O4(111) surfaces saturated with water for
normal and isotopically labeled water and Fe3O4. b) IRAS spectra obtained at 300 K on
Fe3O4(111) surfaces in an isotope-exchange experiment.

Figure 3. Calculated PBE+ U adsorption structures of one and two
water molecules on the a,b) Feoct2- and c,d) Fetet1-terminated Fe3O4-
(111) surface. The reaction enthalpy at 0 K in kJmol¢1 is given in the
upper right of individual graphs. For dimer formation, the reaction
enthalpy per molecule is given in parentheses. Octahedrally coordi-
nated Fe atoms are dark blue, tetrahedrally coordinated Fe atoms light
blue, lattice oxygen is red, oxygen in water is orange, and hydrogen is
white.
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tional band was observed for such a low frequency range. In
addition, calculated frequency shifts for the various isotopi-
cally labeled structures do not agree with observed values.

In contrast to the Feoct2 terminated surface, water adsorbs
non-dissociatively on the Fetet1 terminated surface with the
corresponding formation enthalpy of ¢52 kJ mol¢1 (Fig-
ure 3c). Computed vibrational frequencies (2687 and
2569 cm¢1) and isotopic shifts of this molecular water
adsorbate are in strong disagreement with experimentally
measured IR spectra.

As a result for the adsorption of a single water molecule
on both investigated terminations, neither calculated adsorp-
tion enthalpies nor vibrational frequencies nor frequency
shifts upon isotopic labeling were found to match the
experimentally measured values. This observation agrees
well with the above discussed experimental IR data, implying
that both observed vibrational peaks involve an oxygen atom
from gaseous water molecules and proving that the formation
of two individual hydroxy groups is inconsistent with the
experiment. Thus, based on both theoretical and experimen-
tal results, formation of two individual and spatially separated
OD groups out of a single water molecule can be safely ruled
out.

Next, we examined the formation of a possible dimer-like
structure upon adsorption of two water molecules per unit cell
(corresponding to formal water coverage 6.4 × 1014 cm¢2) for
both surface terminations. On the Feoct2 terminated surface,
the first water molecule undergoes dissociation and forms two
individual OD groups. According to the calculations, the
second water molecule does not dissociate and forms a com-
plex with the hydroxy groups instead. Figure 3b shows the
optimized, most stable structure of this dimer complex, in
which two hydrogen bonds are created. The adsorption
enthalpy of this dimer is ¢210 kJmol¢1, or ¢105 kJ mol¢1

per water molecule, which is very close to the measured
value of 101 kJ mol¢1. This dimer complex involves stretching
modes of the terminal OH (OD) groups (red arrows in
Figure 3b) as well as modes assigned to H-bonded hydroxy
groups or water species (blue arrows). The two calculated
frequencies of the terminal OD vibrations (2740 and

2710 cm¢1, see Table 1) as well as
the difference between these vibra-
tional frequencies (Dntheor =

30 cm¢1) are in very good agree-
ment with the experimental data
(2720 and 2695 cm¢1, Dnexp =

25 cm¢1). The vibrational frequen-
cies related to the H-bonded
normal modes of this complex are
2270 and 2020 cm¢1. For this partic-
ular range, no vibrations were
experimentally observed, most
likely due to band broadening
caused by H bonding[17] and due to
the metal surface selection rule.[18]

The latter explanation can be cor-
roborated by a normal mode anal-
ysis, which shows that the surface
OD group and the D atom of the

intact water molecule (blue arrows in Figure 3b) couple to
a single vibrational mode with a pronounced parallel compo-
nent to the metallic magnetite surface. Therefore, they cannot
be compared with the experiment. The computed shifts upon
isotopic labeling are also in agreement with the observations.
Labeling of the Fe3O4 surface with 18O did not result in any
frequency shift of the terminal OD groups, while labeling of
the water with 18O shifts both terminal OD peaks by 17 and
18 cm¢1. In total, the computationally characterized dimer
complex consisting of one dissociated and one intact water
molecule in the Feoct2 terminated Fe3O4(111) surface was
found to match all experimental observations.

On the Fetet1-terminated surface both water molecules
adsorb molecularly. Two non-dissociated molecules form
a complex with an adsorption enthalpy of ¢64 kJ mol¢1 per
water molecule (see Figure 3d), which is about two thirds of
the measured value (101 kJmol¢1). The two highest frequen-
cies computed for this dimer—2707 and 2692 cm¢1—lie close
to the experimentally observed values (2695 and 2720 cm¢1).
However, the remaining frequencies are predicted to be
within 1630–1830 cm¢1, where no bands were observed. While
the vibrational frequencies and their shifts upon isotopic
labeling of the water dimer on the Fetet1-terminated surface
are in relatively good agreement with experimental observa-
tions, its calculated formation enthalpy markedly disagrees
with the measured energies (for additional discussion of
adsorption energies and stability see the Supporting Infor-
mation). Overall, the calculated properties of only one
structure—the hydroxy–water complex adsorbed on the
Feoct2-terminated Fe3O4(111)—are fully consistent with all
available experimental observations.

Previously, formation of long-range ordered dimer-like
superstructures of water was reported for ZnO, in which half
of the water molecules on the fully covered on ZnO(10-10)
surface self-dissociate resulting in a well-defined (2 × 1)
superlattice.[4a] Spectroscopically, two vibrational peaks and
a shoulder were observed for this structure, which were
assigned to two individual OH groups and molecular water.
However, no isotopic labeling of water and ZnO were
performed in this study that would make possible the

Table 1: Computed[a] vibrational frequencies in cm¢1 compared with experiment. Shifts induced upon
18O labeling of either water or Fe3O4 are given in parenthesis. Terminal, bridging, and hydrogen-bonded
OH groups are labeled with t, b, and h, in square brackets, respectively.

Experiment H2O/Fe-oct2 (H2O)2/Fe-oct2 H2O/Fe-tet1 (H2O)2/Fe-tet1

(D2O)n/Fe3O4 2720
2695

2754 [t]
2439 [b]

2740 [t]
2710 [t]
2270 [b]
2020 [h]

2687
2569

2707 [t]
2692 [t]
1832 [h]
1638 [h]

(D2O)n/Fe3
18O4 2720

2695
2754 (0)
2423

2740 (0)
2710 (0)
2255
2020

2687
2569

2707 (0)
2692 (0)
1832
1638

(D2
18O)n/Fe3O4 2702 (¢18)

2679 (¢16)
2737 (¢17)
2439

2723 (¢17)
2692 (¢18)
2270
2006

2667
2558

2690 (¢17)
2675 (¢17)
1818
1625

[a] Harmonic scaled frequencies obtained using the PBE +U approach with U =3.8 eV and a scaling
factor of 0.9935 (see the Supporting Information).
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unambiguous assignment of these peaks to water and lattice
oxygen-related species. It remained also unclear if the dimer-
like structures could be formed at low water coverages or
their stabilization by H bonding in the long-range superlattice
is required. Other vibrational studies carried out on TiO2

[3e,8]

and Fe3O4
[5c] suggest dissociation of a water molecule to two

individual OH groups.
In summary, the interaction of water with a well-defined

model Fe3O4(111) surface was investigated for the first time
using highly accurate direct calorimetric measurements under
UHV conditions. Complementary, spectroscopic identifica-
tion of the surface species was performed by IRAS. We
showed that the adsorption energy of water on Fe3O4(111) is
considerably higher than all previously reported values
obtained by indirect desorption-based methods. By employ-
ing isotopically labeled water and Fe3O4 substrate, we
experimentally proved that the generally accepted simple
model of water dissociation to form two individual OH groups
per water molecule is not correct. DFT calculations suggest
formation of a dimer, which consists of one water molecule
dissociated into two OH groups and another non-dissociated
water molecule creating a thermodynamically very stable
dimer-like complex. Calculated vibrational frequencies, their
shift upon selective isotopic labeling of either water or the
substrate with 18O as well as the formation energy of an OH–
water complex on the Feoct2-terminated Fe3O4(111) surface
are in agreement with corresponding experimental data. Less
agreement was found for water adsorption on the Fetet1-
terminated surface.
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