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reation for activation of methanol
on Fe3O4(111) thin films†

Fang Xu, a Wei Chen, b Constantin A. Walenta, a Christopher R. O'Connor a

and Cynthia M. Friend *ac

Despite a wide application in heterogeneous catalysis, the surface termination of Fe3O4(111) remains

controversial. Herein, a surface with both Lewis acid and base sites is created through formation of an

Fe3O4(111) film on a-Fe2O3(0001). The dual functionality is generated from a locally nonuniform surface

layer of O adatoms and Fetet1 sites. This reactive layer is reproducibly formed even in oxygen-free

environments because of the high mobility of ions in the underlying a-Fe2O3(0001). The atomic

structure of the Fe3O4(111) surface was identified by scanning tunneling microscopy (STM) and density

functional theory (DFT) using the registry of the overlayers with the surface and the distinct electronic

structure of oxygen adatom (Oad) and uncovered lattice Fetet1. The surface is dominated by the interface

of Oad and Fetet1, a Lewis acid–base pair, which favors methanol dissociation at room temperature to

form methoxy. Methoxy is further oxidized to yield formaldehyde at 700 K in temperature programmed

reaction spectra, corresponding to an approximate activation barrier of 179 kJ mol�1. The surface

termination of Fe3O4(111) is fully recovered by rapid heating to 720 K in vacuum, demonstrating the high

mobility of ions in this material. The work establishes a clear fundamental understanding of a unique

magnetite surface and provides insights into the origin of selective oxidation of alcohols on magnetite-

terminated catalysts.
Introduction

The termination of metal oxide surfaces is critical for their
functionality and tuning their chemical behaviour. For
example, when ceria is reduced by CO, the (110) termination has
the lowest oxygen vacancy formation energy of the three low
Miller index terminations.1,2 Another example is that only {100}
terminated Cu2O nanocrystals exhibit activity for the photo-
degradation of methyl orange, but not {111} or {110} surfaces.3

These termination-dependent phenomena are related to the
local geometry, the bonding, and the chemical identity on the
catalyst surface at an atomic level.

Magnetite (Fe3O4), which is low-cost and abundant, is
a promising material for a wide range of applications,4–6

including catalytic processes for mitigating environmental
toxins.7 The reducible material contains a spinel structure
containing both Fe2+ (octahedral coordinated) and Fe3+ (tetra-
hedral and octahedral coordinated). Fe3O4(111) is the most
thermodynamically favoured termination of magnetite,8
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forming repeating layers of –Fetet1–O1–Feoct1–O2–Fetet2–Feoct2–
Fetet1– (subscripts refer to a tetrahedral, octahedral coordina-
tion, or an oxygen layer).9 All iron-containing layers share
a similar hexagonal unit cell with a spacing of �0.6 nm.

The surface termination of Fe3O4 is important because it
affects local electronic structure and therefore also local
chemical reactivity. Depending on the surface termination,
either Lewis acid sites (electron acceptors) or Lewis base sites
(electron donors) may be present. Coordinatively unsaturated
Fe cation sites, for example, FeB sites on Fe3O4(001), will act as
a strong Lewis acid that leads to water dissociation.10 Anions on
metal oxide surfaces are electron donors, i.e. Lewis bases, which
can play a role in bond dissociation and recombination, facili-
tating elementary steps in a reaction on the surface.

The determination of the structure of Fe3O4(111), and
therefore, understanding the chemical functionality of the
surface, is challenging and remains highly debated.11–17 Very
similar unit cells with various possible terminations and
multiple domains may coexist.12,18 There are three predominant
preparation methods for Fe3O4(111) surfaces: (1) preparation of
bulk Fe3O4(111);19–22 (2) growth of thin lms of Fe3O4(111) on
zero-valent8,23–25 and nonreducible surfaces,26,27 especially
Pt;28–30 and (3) formation of thin lms via reduction of a-
Fe2O3(0001).17,31 The surface termination is different for the
various preparations. Of these, bulk Fe3O4(111) prepared in
vacuum possesses the most varieties of surface terminations.
This journal is © The Royal Society of Chemistry 2020
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Tetrahedrally coordinated iron, Fetet1, with a hexagonal pattern,
co-exists with octahedrally coordinated iron, Feoct2,20,32 signied
by the honeycomb structure which is oen related to oxygen-
poor conditions. Lattice oxygen, O, terminated bulk
Fe3O4(111) is also observed.33 Additionally, oxygen adatoms
have been proposed14,32,34 based on STM and chemical activity.
The terminations of Fe3O4(111) thin lms on Pt are predomi-
nantly assigned as Fetet1 23,28,35 based on scanning tunnelling
microscopy (STM),23,28,35 dynamical low energy electron diffrac-
tion (LEED) intensity analysis,23,35 infrared reection-absorption
spectroscopy (IRRAS),28 and density functional theory (DFT).28

Thin lms of Fe3O4(111) formed from reduction of Fe2O3(0001)
are generally thought to be terminated by Fetet1;9,31,36,37 however,
the surface structures oen co-exist with O terminated patches
with a unique hexagonal periodicity of 0.3 nm,31,36,37 presumably
due to the specic preparation conditions. Alternative prepa-
ration conditions lead to a surface terminated in the “biphase”
structure in all of the three preparation methods,9,19,24,38,39

identied by STM, LEED and IRRAS. The “biphase” is a mixed
oxide variously ascribed to FeO/Fe3O4 or Fe3O4/Fe2O3.13,40

Herein, evidence is presented for a surface termination of
Fe3O4(111) lms that has dual functionality, containing both
Lewis acid and base sites. The surface studied here is termi-
nated by a mixture of tetrahedral Fetet1 and O adatoms, based
on the registry of the overlayers with the surface and the
differentiation of empty and lled states on different regions of
the surface using STM and DFT. The surface is prepared by
sputtering and annealing an a-Fe2O3(0001) single crystal in
vacuum. The oxygen adatom layer was robust, even aer 40+
preparation cycles in an oxygen-free environment, due to the
high mobility of ions in the iron oxides. We further show that O
adatoms and nearby uncovered Fetet1 are Lewis acid–base pairs
that actively dissociate methanol at room temperature. The
results present insight into understanding the surface chem-
istry of magnetite lms and reduced hematite catalysts.
Methods
Sample preparation

A natural a-Fe2O3(0001) single crystal was purchased from
SurfaceNet GmbH. The sample was prepared using consecutive
cycles of 15 min Ar+ sputtering and 20min annealing at 980 K in
UHV until a clear LEED pattern of Fe3O4(111) was detected.
Scanning tunnelling microscopy experiments

The STM experiments were carried out in a commercial Omi-
cron VT Beam Deection AFM/STM housed in an ultrahigh
vacuum chamber equipped with LEED and direct dosing tube
described in previous work.41 All images were scanned at room
temperature using a commercially-cut Pt/Ir tip. Pressure of
methanol vapor was read by an ion gauge placed far away from
the sample. The actual methanol pressure above the sample
surface during in situ experiments was estimated to be similar
to the reading from the ion gauge, as a result of tip shading
effect and direct dosing effect.41 All STM images were processed
This journal is © The Royal Society of Chemistry 2020
using SPIP 6.0.2, Scanning Probe Image Processor Soware by
Image Metrology.

X-ray photoelectron spectroscopy experiments

XPS experiments were conducted using a commercial SPECS
instrument at the Center for Functional Nanomaterials at
Brookhaven National Laboratory. The UHV XPS system con-
sisted of an analysis chamber (base pressure �1 � 10�9 Torr)
and a preparation chamber (base pressure �5 � 10�10 Torr).
The X-ray source uses monochromatized Al Ka radiation. The
sample was irradiated under an angle of 43� and the photo-
electrons were measured with normal emission using a hemi-
spherical analyser at a pass-energy of 50 eV. Calibration was
completed by setting the Ag 3d5/2 peak to 368.2 eV, the peak
obtained using a reference Ag(111) crystal. Intensity was
adjusted by normalizing the signal-noise ratio in baselines.

Temperature programmed reaction spectroscopy experiments

TPRS experiments were carried out in a UHV setup with a base
pressure of <8 � 10�11 Torr described before.42 Deuterated
methanol (CD3OH, Sigma Aldrich, 99.8 atom% D) was puried
by freeze-pump-thaw cycles and was introduced to the surface
with a needle doser at 130 K. The TPRS experiments were
carried out with a heating rate of 1 K s�1 and the resulting
spectra were corrected for fragmentation pattern contributions.

Density functional theory calculations

DFT calculations were performed using VASP43 with the
projector-augmented wave potentials. The GGA-PBE44 exchange-
correlation functional was used. The DFT-TS method45 was used
to include the van der Waals correction. The on-site Coulomb
repulsion of Fe 3d electrons was treated by DFT + U46 approach
where Ueff is equal to 4.0 eV. The kinetic energy cut-off of the
plane-wave basis sets was 550 eV. The optimized lattice constant
of Fe3O4 was 8.440 Å, close to the experimental value of 8.396 Å.
The Fetet1-terminated (111) surface was modelled by a slab
structure, including 17 atomic layers and a more than 12 Å
vacuum region along the z direction. A Gamma-centred 5 � 5 �
1 k-point mesh47 was utilized to sample the Brillouin zone of theffiffiffi
3

p � ffiffiffi
3

p
supercell (10.34 Å along the two in-plane lattice

vectors). The ground-state ferrimagnetic phase48 was used for
the spin conguration.

Different adsorption sites of O on the surface were calcu-
lated to nd the most stable conguration. During structural
relaxation, the central 5 layers of the slab were constrained to
their bulk positions, and the remaining atoms were fully
relaxed to a force threshold of 0.01 eV Å�1. The adsorption
energy of an oxygen adatom is calculated as

Eads ¼
�
E½nO=Fe3O4� � E½Fe3O4� � n

2
E½O2�

�.
n, where n is the

number of O adatoms in a unit cell. The STM images at�1.5 eV
tunnelling bias were simulated using the electronic states with
energies ranging from the Fermi level (EF) to �1.5 eV. The
atomic structures were visualized by QuteMol, and the simu-
lated STM data were analysed using p4vasp with further
smooth and colouring in SPIP 6.0.2.
Chem. Sci., 2020, 11, 2448–2454 | 2449
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Results and discussion
Identity of oxygen adatoms on Fe3O4(111)/a-Fe2O3(0001)

A Fe3O4(111) lm forms on top of a-Fe2O3(0001) aer repeated
cycles of sputtering and annealing in UHV and is evident by the

transformation of the LEED patterns from ð ffiffiffi
3

p � ffiffiffi
3

p ÞR30�,
characteristic of a-Fe2O3(0001), to a Fe3O4(111) p(2 � 2) pattern
(Fig. S1†).49,50 The top layers of the surface are reduced by
sputtering but subsequently re-oxidized by annealing in
vacuum to 980 K for 20 minutes according to X-ray photoelec-
tron spectroscopy results (Fig. S2†). The increase in O : Fe ratio
during annealing is attributed to diffusion of iron cations and
interstitials into the bulk, as the cation diffusion in the inverse
spinel structure is rapid and the oxygen lattice is rigid.51–54

The surface termination of Fe3O4(111)/a-Fe2O3(0001)
contains an unsaturated close-packed hexagonal pattern, which
is assigned as an oxygen adatom layer (Fig. 1). The hexagonal
pattern, which is reproducible and covers most of terraces
across the surface, has a spacing of �0.6 nm along the close-
packed directions and occupies a-top positions, templated by
the substrate (Fig. 1A). The apparent height between the same
feature on the two adjacent terraces is�0.48 nm, corresponding
to a repeating distance of layers within Fe3O4(111). The a-top
stacked position indicates that a new layer, other than those
from bulk, is formed. The lateral periodicity of 0.6 nm rules out
the termination of lattice layer O1, and the absence of honey-
comb structure under all scanning conditions rules out the
Feoct2 termination.
Fig. 1 The atomic-scale structure of Fe3O4(111)/a-Fe2O3(0001) is
determined using: (A) an STM image of an oxygen adatom terminated
Fe3O4(111) film, and (B) the corresponding DFT slab models with O
adsorption coverage of 0.67 ML. The insert in (A) is a magnified image
with close-packed directions of substrate indicated in black dashed
lines. Scanning conditions: �1.5 V, 0.02 nA.

2450 | Chem. Sci., 2020, 11, 2448–2454
The surface in this work has a different topography and
electronic structure compared to previous studies of
Fe3O4(111).28,36,55 Although the surface prepared herein (Fig. 1)
may appear qualitatively similar to images in the literature
assigned to a termination by Fetet1 co-existing with lattice O that
has a 0.3 nm spacing,36,56 it is clearly different, as discussed in
more detail below. In this work, the top layer occupies an a-top
position and is only visible in lled states in STM, different from
the Fetet1 layer that contains both lled and empty states36

(Fig. 2A and S3†). The top layer in this work is not related to
adsorbates from background,20 as the coverage does not
increase with longer time exposure in UHV. Thus, the surface
termination of the Fe3O4(111) lm formed from reduction of
oxygen-rich bulk Fe2O3(0001) is intrinsically different from the
Fig. 2 Identification of oxygen adatoms and uncovered Fetet1 by their
distinct electronic states. (A) Experimental STM images showing a bias-
dependent contrast change. (B) Simulated STM images based on DFT
calculations. (C) DFT calculated site-projected density of states (PDOS)
of oxygen adatoms (Oad) and uncovered Fetet1 atoms on the top layer.
The PDOS includes both spin up and spin down components (i.e. not
spin-resolved). The Fermi level is shifted to 0.0 eV. Experimental
tunnelling current was 0.25 nA; probing bias was indicated in each
panel. The regions encompassed by the dashed lines on the DFT
model are a visual guide.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Temperature programmed reaction data for methanol-d3
(CD3OH) show that methanol is dissociated and subsequently oxidized
on as-prepared Fe3O4(111)/a-Fe2O3(0001). Traces of water, formal-
dehyde and methanol were tracked by mass-ion ratio indicated in the
panel and corrected for fragmentation patterns. The heating rate is 1 K
s�1. (B) The reaction mechanism is illustrated in a schematic.
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Fe3O4(111) terminations described in previous literature, most
likely due to different preparation conditions.

Considering the re-oxidation during annealing, the surface
structure is ascribed to a mixture of oxygen adatoms on the
Fetet1 substrate and exposed Fetet1 sites. Under the preparation
conditions used here, the coverage of the oxygen adatoms
measured by STM is 0.5–0.7 ML, typically at �0.64 ML (1
monolayer, ML, is dened as an equivalent number of Fetet1
atoms in a primitive unit cell). The Oad atoms are templated by
Fetet1, forming patches that strictly follow the Fetet1 geometry at
high coverages. Different annealing temperatures (720–1010 K)
in UHV do not lead to a change in the Oad structure although the
population of O adatoms may vary. Oxidation in 5 � 10�7 mbar
in O2 during annealing followed by a cleaning cycle results in
formation of clusters, possibly oxide islands, and a slightly
higher Oad coverage. Some features at the edge of close-packed
O adatom patches are mobile at room temperature (Movie, M-1,
in the ESI†), possibly due to surface hydroxyls or reversible
dissociative adsorption of trace background water vapor.57,58

The proposed structure is validated by DFT calculations on
0.67 ML oxygen adatoms covered Fetet1 terminated surface
which show that the a-top position is themost stable adsorption
site among others (Fig. 1B). Other oxygen adsorption sites
considered have adsorption energies weaker by at least 1.48 eV
per O adatom (Fig. S4†). The adsorption energy of the a-top
oxygen (Fig. 1B) is 0.24 eV per O adatom. This value becomes
negative when using gas-phase O2 as a reference and consid-
ering its correction in the DFT-calculated energy (there are two
different binding energies oen used in the literature for O2

(0.4 48 or 0.68 59 eV) leading to a binding energy of O of either
�0.16 or �0.44 eV, respectively). The calculational results are
consistent with prior theoretical work that both exposed Fetet1
and O-adsorbed Fetet1 are stable terminations.48 The calculated
bond length of Oad-Fetet1 is 1.62 Å (Fig. 1B), which is substan-
tially shorter than the lattice Fetet1-O bond length of 1.90 Å, and
is comparable with the length of a Fe]O bond on ferryl oxygen
terminated a-Fe2O3(0001) of 1.58 Å.60 Here, the Oad is not bound
to a local a-Fe2O3(0001), as measured periodicity suggests
a Fe3O4(111) surface. Thus, the Oad is strongly bonded to the
lattice Fetet1 on a Fe3O4(111) surface.

The assignment of oxygen adatoms is further conrmed by
agreement between STM measurements and DFT calculations,
including the bias dependence of the images. Similar bias-
dependent features that are visible in lled states (negative
bias) were reported previously; however, they are either ascribed
as lattice oxygen layers with a 0.3 nm periodicity36 or as isolated
OH or H adsorbates.20 In this work, the lled state image of
oxygen adatoms are bright under a scanning voltage of �1.5 V
(sample biased), whereas the inverted contrast was observed
when switching the scanning voltage to +1.5 V (Fig. 2A, and
a larger scale comparison in Fig. S3†). The contrast corresponds
to a change in density of states, which is calculated using DFT.
Based on models in Fig. 1B, the projected density of states
(PDOS) of oxygen adatoms (Oad) and surface iron atoms (Fetet1)
that were not covered by oxygen adatoms were calculated and
found to be well isolated (Fig. 2C): Oad occupies two bands at
about �0.5 V and �1.5 V, none of which was occupied by Fetet1;
This journal is © The Royal Society of Chemistry 2020
Fetet1 occupies three bands at about +0.5 V, +1.0 V and +1.7 V,
neither of which was occupied by Oad. The distribution of PDOS
can be used as ngerprint for element identity. The separated
PDOS leads to a contrast change of Oad and Fetet1 in simulated
STM images (Fig. 2B), conrming the generality for the
observed surface property by STM (Fig. 2A). Further, the calcu-
lated PDOS of Oad coverages of 0, 0.67, 0.75, and 1 ML suggests
an Oad coverage dependency, reinforcing the ability of oxygen
adatoms to change the surface electronic properties (Fig. S5†).
The active Oad and Fetet1 interface for methanol dissociation
at room temperature

Selective oxidation of methanol to formaldehyde occurs on the
as-prepared Fe3O4(111)/a-Fe2O3(0001) with methoxy as an
intermediate, indicated by temperature programmed reaction
(Fig. 3). No other product, including CO2, is detected. Deuter-
ated methanol, CD3OH, was used to differentiate O–H and C–H
bonds. Desorption of a surface-bound layer of CD3OH was
observed in a peak at 250 K, accompanied by H2O evolution
from disproportionation reaction of hydroxyls and/or original
water impurities in deuterated methanol. Carbon–deuterium
bond cleavage starts at 600 K and peaks at 700 K, leading to the
formation of formaldehyde, CD2O, methanol-d3, and deuter-
ated water (HDO and D2O). This elementary step corresponds to
an approximate activation barrier of 179 kJ mol�1 calculated
assuming rst-order kinetics,61 and a pre-exponential factor of
1012 s�1.62 At this temperature, trace amounts of surface
Chem. Sci., 2020, 11, 2448–2454 | 2451
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hydroxyl OH contribute to a desorption peak of H2O in the high
temperature oxidation feature. These data show that methoxy
(CD3O) is formed at lower temperature in competition with
methanol desorption; ultimately yielding CD2O and CD3OH at
high temperature. Similar reactivity was previously reported on
Fe3O4(111).22

The formation of methoxy on Fe3O4(111), which is rich in
Lewis acid–base pairs, was captured by in situ STM at room
temperature (Fig. 4). The surface covered by Oad is shown in
Fig. 4A. The atomic structure of the substrate (Fig. 4B) is not
resolved during methanol exposure to the surface at room
temperature due to the presence of weakly-bound methanol
which is mobile on the surface, thus, producing a fuzzy image.
Aer 21 min under 4 � 10�10 mbar methanol, the immobile
bright features are attributed to methoxy formed from meth-
anol dissociation. These features, as a single methoxy or a few in
a group, have an apparent width from 1.0 to 3.0 nm and an
apparent height of�0.3 nm (Fig. 4B). Thesemethoxy species are
stable on the surface aer heating to 400 K (Fig. 4C), consistent
with temperature programmed reaction results. The oxidation
of methanol consumes oxygen from magnetite to form water
through the Mars-van Krevelen mechanism. However, the
oxygen adatoms reappear aer heating the surface to 720 K
(Fig. 4D), due to quick ion exchange with bulk and replenish-
ment of Oad at the elevated temperature.

The as-prepared Fe3O4(111) surface contains Oad–Fetet
interfaces, i.e. Lewis acid–base pairs, where methanol oxidation
occurs readily. The active site for the rst elementary step for
methanol oxidation can be tracked by methoxy formation.
These sites include both oxygen adatoms and nearby uncovered
lattice iron measured by in situ STM (white circles in Fig. 4). In
contrast, small domains with an alternative compact structure
Fig. 4 In situ STM of methanol dissociation on Fe3O4(111) films at
room temperature tracks the location of active sites. The same surface
was imaged (A) before and (B) after 21 min exposure of methanol.
PMeOH ¼ 4 � 10�10 mbar (after background subtraction); scanning
conditions: �1.5 V, 0.015 nA; scanning from bottom to top. White
circles highlight the same positions of methoxy species and interfaces
of Fetet (dark in panel A) and Oad (bright in panel A). (C) and (D) are ex
situ STM of the post methanol surface after being annealed to 400 K
and 720 K, respectively.

2452 | Chem. Sci., 2020, 11, 2448–2454
do not contain the Oad–Fetet interfaces is inert to O–H bond
cleavage, as no methoxy was observed in these areas (Fig. S6†).
The alternative compact structures are commonly assigned as
O-terminated FeO islands,9,37 oxygen-terminated oxide
surfaces,63 and Fe1�xO islands.19,40

Additionally, the Fe3O4(111) surface is active for other reac-
tions, including water dissociation and formic acid decompo-
sition.64 Fe3O4(111) lms and bulk are known to dissociate
water based on experimental and theoretical studies that
dissociated OH� and H+ bound to surface Fe cations and O
anions respectively.14,29,31,65 The dissociated OH� can further
react with non-dissociated water to form complexes on a Fetet1
terminated lms at low temperatures.57,66 The ring-like water–
hydroxyl complexes, or (2 � 2) super structure, also forms but
less stably67 on (O2 � O2)R45�-reconstructed surfaces of bulk
Fe3O4(001) single crystals.68 At room temperature, the
Fe3O4(001) surface is only covered by hydroxyls, which desorb as
water at 520 K by abstraction of lattice oxygen.69 The reaction
with water becomes more extensive on both (111) and (001)
terminations with an increase of vapor pressure,21 and can lead
to a liing of the subsurface cation vacancy reconstruction on
Fe3O4(001) surfaces.70

Conclusions

A well-ordered Fe3O4(111) lm-terminated hematite is formed
through reduction and heating. The surface termination is
a mixture of O adatoms (Oad) and uncovered lattice Fetet,
yielding Lewis base and acid sites, respectively. Reduced top
layers are oxidized by annealing to 980 K in vacuo, an oxygen
decient environment. Rapid ion exchange occurs at these
temperatures,52 especially cation diffusion, and oxygen-rich
bulk leads to re-oxidation of surface layers. Further investiga-
tions on electronic structure by STM and DFT show a well
separated density of states on Oad and Fetet, allowing identi-
cation of the two species.

The mixture of Oad and Fetet sites impacts reactivity of
chemical reactions that require both acid and base sites, illus-
trated by CD3OH oxidation. The surface is active for dissocia-
tion of the O–H bond near room temperature, to yield methoxy.
In this process, the H can be transferred to the O adatoms to
yield adsorbed OH and methoxy is bound to the exposed Fetet
sites. The resulting methoxy is relatively immobile on the
surface at room temperature, based on STM imaging. The Oad

act as proton acceptors in the dissociative adsorption of meth-
anol. The Lewis acidity of Fetet1 is theoretically predicted to
accommodate methoxy species.71 Further oxidation with C–D
cleavage occurs at 700 K, leading to the formation of formal-
dehyde and water.

The fundamental understanding of Fe3O4(111)/a-
Fe2O3(0001) from in this work contributes to the mechanistic
study of magnetite as a material for applications at surfaces and
interfaces, especially for heterogeneous catalysis. Fe3O4(111),
the most thermally stable facet, will dominate the termination
of magnetite under equilibrium conditions. As surface termi-
nation can affect the present of Lewis acid–base pairs,72 work
herein with a bulk of iron oxide is closely related to the
This journal is © The Royal Society of Chemistry 2020
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magnetite catalysts or hematite catalysts under reducing
conditions.

The dual Lewis site—meaning the structure contains an
adjacent Lewis acid and base pair—is a promising feature in
designing efficient, low-cost, and robust heterogeneous cata-
lysts. The synergistic interactions between intermediates
adsorbed on acid and base sites enhance catalytic efficiency in
redox reactions, such as the industrially-important production
of formaldehyde from methanol on iron oxide-based mate-
rials.73,74 In this regard, the Lewis base facilitates the formation
of the oxidation intermediate at room temperature by O–H
bond splitting, while the Lewis acid is the reaction of the nal
oxidation step. Designing catalyst materials with both Lewis
sites in close proximity is a promising principle for multistep
oxidation reactions of alcohols. Additionally, compared with
catalysts that need a second metal component to form dual
Lewis sites,75 the catalyst herein is free of sintering concerns at
elevated temperatures.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was primarily supported by the U.S. Army Research
Office under Grant No. W911NF1820143. The calculations were
performed at the Oak Ridge Leadership Computing Facility
(OLCF) and the National Energy Research Scientic Computing
Center (NERSC), while XPS instrumentation support was
provided by the Center for Functional Nanomaterials, Broo-
khaven National Laboratory, of the U.S. Department of Energy.
Work by W. C. was supported by the Integrated Mesoscale
Architectures for Sustainable Catalysis (IMASC), an Energy
Frontier Research Center funded by the U.S. Department of
Energy, Office of Science, Basic Energy Sciences under Award #
DE-SC0012573. We would like to acknowledge Dr Robert J.
Madix for his contributions in discussions.

References

1 Z. Wu, M. Li and S. H. Overbury, J. Catal., 2012, 285, 61–73.
2 M. Nolan, S. C. Parker and G. W. Watson, Surf. Sci., 2005,
595, 223–232.

3 W.-C. Huang, L.-M. Lyu, Y.-C. Yang and M. H. Huang, J. Am.
Chem. Soc., 2012, 134, 1261–1267.

4 L. M. Rossi, A. D. Quach and Z. Rosenzweig, Anal. Bioanal.
Chem., 2004, 380, 606–613.

5 W.-M. Zhang, X.-L. Wu, J.-S. Hu, Y.-G. Guo and L.-J. Wan,
Adv. Funct. Mater., 2008, 18, 3941–3946.

6 M. Bibes and A. Barthelemy, IEEE Trans. Electron Devices,
2007, 54, 1003–1023.

7 M. Hua, S. Zhang, B. Pan, W. Zhang, L. Lv and Q. Zhang, J.
Hazard. Mater., 2012, 211–212, 317–331.

8 Y. S. Dedkov, M. Fonin, D. V. Vyalikh, J. O. Hauch,
S. L. Molodtsov, U. Rudiger and G. Guntherodt, Phys. Rev.
B: Condens. Matter Mater. Phys., 2004, 70, 073405.
This journal is © The Royal Society of Chemistry 2020
9 Y. Tang, H. Qin, K. Wu, Q. Guo and J. Guo, Surf. Sci., 2013,
609, 67–72.

10 N. Mulakaluri, R. Pentcheva and M. Scheffler, J. Phys. Chem.
C, 2010, 114, 11148–11156.
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