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ABSTRACT: We report a novel heterogeneous adsorption mechanism of formic acid on
the magnetite (111) surface. Our experimental results and density functional theory (DFT)
calculations give evidence for dissociative adsorption of formic acid in quasibidentate and
chelating geometries. The latter is induced by the presence of iron vacancies at the surface,
making oxygen atoms accessible for hydrogen atoms from dissociated formic acid. DFT
calculations predict that both adsorption geometries are energetically favorable under our
experimental conditions. The calculations prove that the locally observed (√3 × √3)R 30°
superstructure consists of three formate molecules in a triangular arrangement, adsorbed
predominantly in a chelating geometry. The results show how defects can stabilize
alternative adsorption geometries, which is a crucial ingredient for a detailed atomistic
understanding of reaction barriers on magnetite and other oxide surfaces, as well as for the
stability of carboxylic acid based nanocomposite materials.

Magnetite (Fe3O4) is a widely used transition metal oxide
with applications in catalysis1 such as the Fischer−

Tropsch synthesis2 and the water−gas shift reaction.3 Formic
acid (HCOOH) as the elementary carboxylic acid is proposed
to occur as an intermediate during these reactions; therefore,
an atomistic understanding of its interaction with magnetite
surfaces is vital.3−5 Organic acids, exhibiting the same
carboxylic end group as formic acid, are widely employed as
“binders” in a new class of bottom up fabricated nano-
composite materials.6 Since reducible oxides, such as magnet-
ite, show a complex defect chemistry, the role of surface defects
for the adsorption behavior of organic molecules is of special
importance.7,8 For magnetite, the (001) and the (111) surfaces
are of high significance, because of their thermodynamical
stability and consequently their predominant occurrence as
nanoparticle facets.9 Considerable progress has been made
recently in the understanding of the formic acid adsorption on
magnetite (001). Formic acid is reported to dissociatively
adsorb at room temperature (rt) in a bidentate bridging
geometry predominantly in a specific adsorption site with both
oxygens bound to two octahedral surface iron ions.10,11 In
contrast, on other metal oxide surfaces heterogeneous
adsorption of formic acid at rt was observed. Bidentate
bridging and monodentate geometries were reported on
anatase TiO2(101).

12 On ZnO(101̅0), bidentate bridging
and quasibidentate (i.e., one formate oxygen bound to a
metal atom, the other one to an OH group on the surface)
configurations were identified, oriented along different surface
directions.13 Studies of the interaction of formic acid with the

magnetite (111) surface, on the other hand, are scarce. An
STM study of formate on magnetite (111) suggested bidentate
chelating adsorption at low coverage on iron-terminated
surface areas based on the asymmetric appearance of the
molecules in the images.14 Other oxygen-terminated areas of
the crystal were found to be inert to adsorption.
The atomic structure of the clean magnetite (111) surface

exhibits characteristic defects depending on the preparation
conditions;15 it is, however, unclear how the defects influence
molecular adsorption behavior. A perfect or defective Fetet1
termination with a hexagonal array of tetrahedral iron ions was
observed experimentally on magnetite thin films grown on
Pt(111), as well as on magnetite single crystals.16−18 On single
crystals, the Fetet1 termination was also reported to coexist with
the Feoct2 termination,18,19 with the latter predicted to be more
stable under highly reducing conditions20 and after adsorption
of CO21 and water.22−24 In this study, we apply comple-
mentary Fourier transform infrared reflection absorption
spectroscopy (FT-IRRAS), STM, low energy electron
diffraction (LEED), and surface X-ray diffraction (SXRD) to
investigate the adsorption of formic acid on the clean, well-
defined Fetet1-terminated magnetite (111) single crystal surface
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with controlled Fetet1 vacancies. We obtain detailed informa-
tion on the adsorption geometries influenced by the surface
cation vacancies, as well as intermolecular interactions. Density
functional theory (DFT) calculations and calculated IR spectra
allow a rigorous interpretation of our experimental data and a
prediction of the most stable adsorption geometries.
The clean magnetite (111) single crystal surface was

prepared by multiple cycles of Ar ion sputtering and annealing
(see Experimental Section in the Supporting Information
(SI)). Under these conditions, we find that the surface is ∼80%
Fetet1-terminated, which we conclude from the quantitative
analysis of the SXRD data (see Figures S3 and S4). Other
terminations, e.g., Feoct2, result in higher SXRD goodness-of-fit
values and can therefore be ruled out, see Table S2. Figure 1a
shows a side view of the atomic layers stacked along the [111]
direction. The relative occupancies of the layers from the
surface to the bulk as determined by SXRD are displayed in
Figure 1a; relaxations given in Figure S4 agree well with LEED

I(V) results.16,17 The STM image presented in Figure 1b
exhibits the characteristic hexagonal 5.9 Å periodicity of the
Fetet1 termination with Fetet as bright spots (see Figure S1).
Tetrahedral Fe vacancies are visible in line with the SXRD
results, and the locally oxygen O1-terminated surface appears
dark in the STM image at negative bias voltage.25 Iron
vacancies are characteristic defects in the Fe3O4(111) top
surface layer.16,20,25 The step height of 4.9 ± 0.2 Å measured
by STM represents the repeat distance of the Fetet1 termination
along the Fe3O4[111] direction. It proves that the termination
does not change across terraces, and that it is uniform over the
whole crystal after this preparation, see Figure S2.
The clean surface was exposed to 10 Langmuir (1 L = 1.33

× 10−6 mbar s) formic acid (2 × 10−7 mbar, 66 s) at rt. The
LEED pattern recorded after adsorption (Figure 1e and Figure
S5) shows the first order diffraction spots of magnetite (111)
and additional diffraction spots evidencing the formation of a
weakly ordered (√3 × √3)R 30° superstructure. The STM
image (Figure 1c) was recorded after exposure to 10 L formic
acid. The surface is partly covered by large bright features
arranged in a hexagonal superstructure. Their closer inspection
reveals that they are made up by three smaller features in a
triangular arrangement. An STM line scan (Figure 1d) shows a
superstructure periodicity of 10.3 ± 0.5 Å. The internal
structure of the features gives rise to a distinct splitting of the
line scan maxima. We interpret the bright features observed at
positive bias voltage as ontop hydrogen atoms of formic acid.11

Thus, we conclude that the hexagonally arranged features in
the (√3 × √3)R 30° superstructure consist of three
dissociated formic acid molecules (as we will show below)
clustered together in a structural motif with 3-fold symmetry
with hydrogen atoms being ∼4 Å apart, see the inset to Figure
1c. In addition to the superstructure, there are bare areas
(dark) and several smaller bright protrusions that we assign to
formic acid in a different adsorption site. The lack of the
superstructure’s long-range order is also reflected in the LEED
patterns with rather broad diffraction spots. The step height of
4.9 Å remains unchanged after formic acid adsorption
compared to the clean surface, see Figure S6.
FT-IRRAS measurements were performed to elucidate the

binding geometry of formic acid on magnetite (111), see SI for
details. Formic acid, 2 L (2 × 10−7 mbar, 13 s), was dosed to
the clean surface at rt. We observe prominent vibrational bands
at 1338, 1380, and 1588 cm−1 and a weak band at 1548 cm−1

(see Figure 2, full spectrum available in Figure S7). Molecular

Figure 1. (a) Side view of magnetite (111) with labeled terminations.
Atomic occupancies obtained from the SXRD fit are given in
parentheses (error bar ±5%26). (b) STM image of the clean
magnetite (111) surface at rt. Tunneling parameters: −1.5 V, 1.1
nA. (c) STM image of magnetite (111) after exposure to 10 L formic
acid at rt. Tunneling parameters: 0.5 nA, 1 V. Inset: 3 × 2.5 nm2 STM
image with indicated unit cells of the superstructure (red) and
substrate (green). (d) Line scan through the hexagonal superstructure
(blue line in panel c). Dashed lines indicate the center of the round
features. (e) LEED pattern taken at 19 eV after an exposure to 10 L
formic acid. Reciprocal unit cell vectors are indicated for the (√3 ×
√3)R 30° superstructure (red) and the substrate (green).

Figure 2. p-polarized FT-IRRA spectrum for a formic acid coverage of
2 L. Vibrational bands assigned to the quasibidentate geometry are
labeled in blue and to the chelating geometry in red (dashed lines
indicate band center positions). Calculated IR band positions are
shown as blue (for quasibidentate) and red (for chelating) solid
vertical lines. The inset shows the adsorption geometries.
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adsorption and monodentate formate can be excluded due to
the absence of the ν(CO) vibrational band in the region
1800−1600 cm−1.11 The observed vibrational bands are
therefore in line with dissociated formic acid. Since the
distance between neighboring Fetet1 ions on this surface is 5.9
Å, a bidentate bridging geometry is excluded. It typically
requires a smaller distance of the two cations (e.g., ∼2.8 Å for
magnetite (001)10). On the (001) surface, formic acid adsorbs
in a bidentate bridging geometry giving rise to only two
vibrational bands at 1544 and 1368 cm−1, which are assigned
to the asymmetric and symmetric stretching vibrations, νas and
νs(OCO), respectively.

10,11 On the (111) surface, the bands at
1338 and 1588 cm−1 appear, however, at similar positions as
reported for the quasibidentate adsorption of formate on
ZnO(101̅0), making this a more likely candidate (νs(OCO) at
1373 cm−1 and νas(OCO) at 1589 cm−1).13 The smaller
splitting of the νs,as(OCO) bands at 1380 and 1548 cm−1

suggests a smaller O−C−O bond angle, such as a chelating
adsorption geometry with both formate oxygen atoms bound
to one single Fetet1 ion.

27 All vibrational bands present a Fano
line shape which results from magnetite being neither a perfect
metal nor a perfect insulator.10,11,28 While both bands at 1338
and 1380 cm−1 present a similar line shape originating from a
dynamic dipole perpendicular to the surface, the line shape
around 1588 cm−1 is inverted, because it is excited by the
electric field component parallel to the surface.10,28 This
component is smaller and has a lower reflectivity than the out-
of-plane component which typically results in νas vibrational
bands being less intense.28 The line shape thus supports our
assignment of the vibrational symmetry.
To compare the energetics of different adsorption modes

and assign the vibrational bands to them, DFT and density
functional perturbation theory (DFPT) calculations were
performed using a (√3 × √3)R 30° supercell with three
adsorbed formic acid molecules (full coverage) in molecular,
quasibidentate, and chelating adsorption configurations (see SI
for computational details and density of states). The molecular
starting geometries converged to very high, i.e., unfavorable
energies or even converted to quasibidentate configurations
during structural relaxation. Therefore, this adsorption mode is
considered to be unstable, in agreement with the experimental
results, and was excluded from further analysis. The
dissociative adsorption in quasibidentate geometry (see Figure
3a) is energetically favorable (adsorption energy of −1.75 eV

per molecule at full coverage), with one of the formate oxygens
bound to an Fetet1 ion. The second is bound via a hydrogen
atom originating from dissociation of the molecule to a surface
oxygen, at an O−C−O bond angle of 128°. The calculation of
the vibrational modes yields a splitting of the symmetric and
asymmetric O−C−O stretching vibrations of 254 cm−1, in very
good agreement with experiment (250 cm−1). The absolute
positions also agree well (see Table 1), taking into account the
systematic errors due to the approximations used for the
calculations.10,29−31

For the chelating adsorption geometry, where both formate
oxygen atoms are bound to one Fetet1 ion, special attention has
to be paid to the adsorption site of the dissociated hydrogen.
The chelating starting configurations where the dissociated
hydrogen was close to the formate also relaxed to a
quasibidentate geometry, showing that the quasibidentate
configuration is stabilized by a hydrogen bond with a bond
length of 1.58 Å to formate O. The chelating configuration
only formed when the distance toward the hydrogen was too
large to form a hydrogen bond. A thorough investigation of the
dependence of the adsorption energy on the distance to the
nearest hydrogen can be found in Table S3 and Figure S8. The
presence of Fetet1 surface vacancies observed in our experi-
ments however provides an additional degree of freedom to the
system, since it makes three additional oxygen atoms per
surface unit cell from the O1 termination available for
energetically more favorable hydrogen adsorption (hydrogen
adsorption energy of −2.1 eV on the O1-terminated surface, as
compared to −0.9 eV on oxygen of the Fetet1 termination).
Taking into account this possibility of much stronger hydrogen
adsorption, a total adsorption energy of −3.51 eV per formic
acid molecule is calculated (see SI for more details). This
increase in energetically favorable H adsorption sites is in line
with the STM results in Figure 1c, showing predominantly the
triangular motif of the chelating adsorption geometry. In the
chelating configuration, the O−C−O bond angle is reduced to
120°. This is also reflected in the reduced splitting of the
symmetric and asymmetric O−C−O stretching vibrations of
168 cm−1, perfectly agreeing with the experimental splitting
(168 cm−1). The absolute positions again agree well between
theory and experiment, see Table 1.
Interestingly, a triangular superstructure (see Figure 3c,d) is

slightly more favorable than a regular high symmetry (1 × 1)
structure for both the quasibidentate and the chelating modes
with 10 and 40 meV per molecule, respectively. Therefore, at rt
(∼25 meV), the (√3 × √3)R 30° superstructure is
predominantly formed by the chelating adsorption structure.
Furthermore, the orientation of the formates’ triangular

Figure 3. Top and side views of the calculated adsorption structures
for quasibidentate (a, c) and chelating (b, d) adsorption of formic
acid on magnetite (111). Green circles indicate formate hydrogen
imaged by STM. Side views are shown at 1/3 coverage for better
visibility. The black rhombus indicates the (√3 × √3)R 30°
supercell.

Table 1. Overview of Vibrational Bands of Formic Acid on
Magnetite (111)a

wavenumber (cm−1)

vibrational band exp Δexp calc Δcalc

qbt νs(OCO) 1338 250 1294 254
qbt νas(OCO) 1588 1548
chel νs(OCO) 1380 168 1352 168
chel νas(OCO) 1548 1520

aThe IR spectra were calculated for the chelating (chel) and
quasibidentate (qbt) structures in Figure 3. The splittings Δ of
νas(OCO) and νs(OCO) are presented for experimental (exp) and
calculated (calc) band positions.
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arrangement on top of the hydrogen atoms only matches the
chelating structure in a comparison of the STM image and
calculated structures from DFT (see green circles in Figure
3c,d). For the calculated quasibidentate structure, the “cluster”
of formate molecules is rotated by 30° and, therefore, does not
match the experimental STM images. The heterogeneity of the
surface, giving rise to the two adsorption modes, prevents the
superstructure from establishing a long-range order on
magnetite (111). Further evidence for the assignment of the
molecules in chelating geometry to the (√3 × √3)R 30°
reconstructed areas comes from the IR spectra. In the chelating
triangular structure, the molecules perform coupled, circular
asymmetric stretching vibrations, as visualized in Movies S1
and S2, leading to a suppression of the dynamic dipole
moment parallel to the surface. The ratios of calculated IR
band intensities for the νas to νs(OCO) are 0.051 for the
chelating triangular structure and 0.104 for the quasibidentate
adsorption geometry, in line with the experimental observa-
tion, that the intensity of the chelating asymmetric stretching
vibration band at 1548 cm−1 is close to the level of noise (see
Figure 2).
To compare the stability of the different binding modes and

surface terminations with the experimental conditions, surface
stability diagrams were computed from the results of the DFT
calculations (see Figure 4, Figure S9 and computational details

in the SI). To assess the whole range of possible conditions,
the Feoct2, Fetet1, and O1 terminations of magnetite (111) were
taken into account. On the Feoct2 termination, formic acid can
adsorb in a dissociative bidentate bridging configuration with
an adsorption energy of −2.52 eV per molecule. On the Fetet1
termination, adsorption energies are in the range −1.6 to −2.0
eV per molecule (see Table S3).
Without formic acid, the Fetet1 termination is predicted to be

the most stable under UHV conditions at rt, whereas the
oxygen-terminated O1 structure is more stable at atmospheric

oxygen pressure. The difference in adsorption energies leads to
an increase of the stability range of the Feoct2 termination at a
formic acid pressure of 2 × 10−7 mbar at rt, but the Fetet1
termination is still most stable at UHV typical oxygen
pressures. As described before, the heterogeneity of the surface
makes it possible for the dissociated hydrogen to bind to
oxygen from the O1-terminated parts of the surface (see Figure
S10). This combination of terminations with a chelating
adsorption of formate at the Fetet1-terminated area is stable at
oxygen chemical potentials >−0.58 eV, whereas at less
oxidizing conditions a pure Fetet1 termination with a
quasibidentate adsorption configuration is favored. Our
experimental conditions are close to this chemical potential,
explaining why both adsorption structures are present on the
surface. The described combination of configurations is likely
to form under our experimental conditions, because of the
presence of O1-terminated areas on the surface and the
mobility of hydrogen on magnetite surfaces at rt.15,34

We studied the adsorption behavior of formic acid on the
magnetite (111) surface with controlled cation vacancies using
complementary methods such as FT-IRRAS, STM, SXRD,
LEED, and DFT. Formic acid dissociates on the Fetet1-
terminated surface at rt and adsorbs in two different
geometries: quasibidentate and chelating. The latter adsorption
configuration is triggered by the presence of iron vacancies at
the surface, making oxygen atoms accessible for hydrogen
atoms from formic acid. The molecules in the chelating
geometry arrange in triangles forming a (√3 × √3)R 30°
superstructure, pointing out the role of non-negligible
intermolecular interactions. DFT calculations of adsorption
energies and vibrational frequencies underpin the interpreta-
tion of the IR and STM results as originating from the two
distinct adsorption geometries. Our results provide evidence
that oxide surface defects and heterogeneities may favor
otherwise less stable adsorption geometries relevant for the
activity of industrial oxide catalysts and the mechanical
strength of organic acid based nanocomposite oxide materials.
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