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ABSTRACT
The interaction of methanol with iron oxide surfaces is of interest due to its potential in hydrogen storage and from a fundamental perspec-
tive as a chemical probe of reactivity. We present here a study examining the adsorption and reaction of methanol on magnetite Fe3O4(001)
at cryogenic temperatures using a combination of temperature programmed desorption, x-ray photoelectron spectroscopy, and scanning
tunneling microscopy. The methanol desorption profile from Fe3O4(001) is complex, exhibiting peaks at 140 K, 173 K, 230 K, and 268 K,
corresponding to the desorption of intact methanol, as well as peaks at 341 K and 495 K due to the reaction of methoxy intermediates.
The saturation of a monolayer of methanol corresponds to ∼5 molecules/unit cell (u.c.), which is slightly higher than the number of sur-
face octahedral iron atoms of 4/u.c. We probe the kinetics and thermodynamics of the desorption of molecular methanol using inversion
analysis. The deconvolution of the complex desorption profile into individual peaks allows for calculations of both the desorption energy
and the prefactor of each feature. The initial 0.7 methanol/u.c. reacts to form methoxy and hydroxy intermediates at 180 K, which remain
on the surface above room temperature after intact methanol has desorbed. The methoxy species react via one of two channels, a recom-
bination reaction with surface hydroxyls to form additional methanol at ∼350 K and a disproportionation reaction to form methanol and
formaldehyde at ∼500 K. Only 20% of the methoxy species undergo the disproportionation reaction, with most of them reacting via the 350 K
pathway.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5139418., s

INTRODUCTION

The adsorption of methanol on metal and metal oxide sur-
faces is of a broad interest. Methanol is a liquid with a high hydro-
gen density, which makes it a potential hydrogen storage molecule,
either through the reformation of methanol into hydrogen or for
use in direct methanol fuel cells.1–6 Methanol can also be converted
to formaldehyde, which is commonly used in polymer synthesis.6–9

From a fundamental perspective, methanol is an ideal molecule for

studying the activation of O–H and α-C–H bonds. As it facilely dis-
sociates on a wide variety of surfaces, it can be used as a probe
of surface activity.9 Furthermore, it is capable of hydrogen bond
formation and is useful in studies of hydrogen-bonded networks
on surfaces.10 While methanol adsorption has been widely inves-
tigated on a wide variety of oxide surfaces, especially TiO2

11–16

and CeO2,14,17–19 there are few studies examining its adsorption
on iron oxide surfaces. Iron oxides are naturally abundant and,
therefore, cheap; usually stable; and environmentally friendly.20,21
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As such, they are of interest for use in catalytic applications, includ-
ing photochemical water splitting, Fischer–Tropsch synthesis, and
dehydrogenations.20,21

Methanol has been studied on Fe3O4(111),22 Fe2O3(012),23 and
Fe3O4(001).24 On Fe3O4(111)22 and Fe2O3(1102),23 methanol has
been found to react in small amounts to form formaldehyde. How-
ever, on Fe3O4(001), probably the best understood single crystal
system of iron oxide,20 the only study of methanol primarily focused
on the adsorption of methanol at room temperature.24 Herein,
we expand on this previous study and examine the adsorption of
methanol at cryogenic temperatures, allowing us to probe the possi-
ble structures and chemistry of intact methanol as well as methoxy
intermediates and the desorption products over a wide temperature
range.

The magnetite Fe3O4(001) surface has been extensively char-
acterized by Parkinson and co-workers, and its structure is well
understood.20,24–31 Here, we employ a combination of temperature
programmed desorption (TPD), x-ray photoelectron spectroscopy
(XPS), and scanning tunneling microscopy (STM) and probe the
adsorption and reaction of methanol. Performing methanol expo-
sures for TPD and XPS measurements with a molecular beam of
known flux allows us to quantify the amount of methanol in var-
ious adsorption states, as well as the amount of methoxy interme-
diate and formaldehyde that are formed. We observe desorption
states for intact methanol at 175 K, 238 K, and 273 K, which cor-
respond to total coverages of 5.1, 4.0, and 2.5 molecules per unit
cell, respectively, and propose structures for each of these states.
Using inversion analysis,32–35 we determine the energies and pref-
actors associated with these desorption states. By employing XPS,
we track the dissociation of adsorbed methanol to methoxy and
hydroxy intermediates. This conversion occurs by 180 K and is
limited to a coverage of 0.7 methoxy/unit cell (u.c.). This cov-
erage is confirmed by direct imaging in the STM experiments.
TPD reveals that methoxy is converted to products via two dis-
tinct pathways, recombinative desorption of methoxy and hydroxy
to methanol at ∼350 K or a disproportionation reaction to yield
formaldehyde at ∼500 K. On the basis of these results, together
with the knowledge of the Fe3O4(001) surface structure and previ-
ous work addressing water on Fe3O4(001),30 we propose adsorption
structures corresponding to the observed TPD peaks. Our study pro-
vides a detailed view of the adsorption and reaction of methanol on
Fe3O4(001).

EXPERIMENTAL

TPD and XPS experiments were performed in a molecular
beam surface scattering apparatus ultra-high vacuum (UHV) cham-
ber with a base pressure of <1 × 10−10 Torr. This chamber has been
described in detail in previous publications.36 The chamber contains
instrumentation for a variety of techniques including a quadrupole
mass spectrometer (UTI) for TPD measurements, a quartz crys-
tal microbalance (Inficon) for molecular beam flux calibration, as
well as equipment for XPS (Omicron), low energy electron diffrac-
tion (LEED, Princeton Research Instruments), and Auger elec-
tron spectroscopy (AES, Physical Electronics). An Fe3O4(001) sin-
gle crystal (SurfaceNet) is sandwiched between a Ta sample plate
and a retaining ring. The thermal contact between the plate and
the sample is improved using a 0.127 mm thick Au foil, which

sits between the plate and the sample. The retaining ring is held
in place with Mo screws, which are further secured by Ta foil
tabs, spot welded to the screw heads and the sample plate. The
sample plate is mounted on a manipulator, which can be resis-
tively heated up to 1100 K and cooled down to ∼60 K via a He(g)
compressor (APD Cryogenics). A K-type thermocouple is spot
welded to the back of the sample plate and calibrated via CO2
TPDs.26 The sample is cleaned by alternating cycles of sputtering
at 300 K with Ne+ (1 kV, 15 min, Airco) generated by a sput-
ter gun (LK Technologies) followed by 15 min annealing to 920 K
in UHV or in 1 × 10−6 Torr O2 (NorLab) to offset the reduc-
tion of the sample caused by sputtering.31 Methanol (99% Sigma-
Aldrich) was purified by multiple freeze-pump-thaw cycles and
exposed to the surface via an effusive molecular beam with a flux of
9.6 × 1013 molecules cm−2 s−1. Masses m/z = 29 and 31 were moni-
tored for methanol and formaldehyde, and m/z = 18 was monitored
for H2O. TPD experiments were performed with a heating rate of
0.5 K/s. XPS experiments were performed at an angle of 60○ relative
to normal.

STM experiments were performed in a UHV variable-
temperature STM (Omicron) system with a base pressure of
1 × 10−10 Torr. The chamber is also equipped with LEED (MDC)
and AES (PerkinElmer). An Fe3O4(001) crystal was mounted on a
Ta plate via Ta tabs. The sample can be heated in the manipula-
tor heating stage, and its temperature is monitored with a K-type
thermocouple built into the stage. The sample was cleaned in a
similar process described for the TPD and XPS experiments. All
STM images were obtained at room temperature, in constant cur-
rent mode, with electrochemically etched W tips, and all biases refer
to a bias on the sample. Methanol was exposed to the sample via a
tube doser. During exposure, the pressure in the chamber increased
to between 1 × 10−8 to 1 × 10−7 Torr, and the pressure at the sample
was estimated to be a factor of 10 higher than what was measured via
the ion gauge.

RESULTS AND DISCUSSION

As discussed above, the structure of Fe3O4(001) has been char-
acterized previously in detail.20,24–31 A schematic view of the sur-
face is displayed in Fig. S1 in the supplementary material. The sur-
face undergoes a reconstruction wherein two Fe octahedral atoms
(Feoct) are removed.25 One of these atoms moves to a tetrahedral
position (Fetet) in the second layer, and the other diffuses into the
bulk of the crystal. This results in a surface layer where alternating
atoms in the octahedral row are displaced in opposite directions,
resulting in an undulating appearance in the surface in STM and
a net (

√
2 × √2)R45○ structure. There are four octahedral iron

atoms per unit cell, and these atoms are the typical binding sites
for many adsorbates. In the tetrahedral rows, there is an empty
site that we refer to as the bulk-like-open (BLO) site, which has
a surface coverage of 1 BLO/u.c. We refer to the added Fetet as
an interstitial Fe atom (Feint). The surface has a number of typi-
cal defects which have previously been described in detail including
step edges, surface hydroxyls, oxygen vacancies, iron adatoms, and
antiphase domain boundaries.24,27–29,37 The defect density of a crys-
tal can be calculated either through direct imaging with STM or
via CO2 TPD, which displays a distinct defect-related peak.26 Due
to our knowledge of the surface structure, we are able to attribute
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our findings involving the adsorption of methanol to specific surface
sites.

TEMPERATURE PROGRAMMED DESORPTION
STUDIES

We begin by examining the full desorption profile of CH3OH
on Fe3O4(001), which is displayed in Fig. 1. This series of experi-
ments was obtained by depositing a constant coverage of methanol
(10.2 molecules/u.c.) followed by pre-annealing to different temper-
atures to desorb different fractions of the starting coverage and cool-
ing back to base temperature before running the TPD experiment.
We refer to this experiment as a depletion experiment. Under ideal
conditions, the depletion TPD series should be identical with a typ-
ical TPD series, where different starting coverages are deposited. If
the coverage distribution is not spatially perfectly uniform across the
sample (e.g., in the penumbra region of the molecular beam), small
deviations can be observed between such sets, as discussed with
Fig. S2 in the supplementary material. Therefore, for complex spec-
tra such as those for methanol on Fe3O4(001), we employ the deple-
tion method to achieve a better overlap and a simplified inversion
analysis.

The desorption profile of methanol from Fe3O4(001) is com-
plex, containing six distinct desorption features. The feature labeled
α at 140 K corresponds to multilayer desorption of methanol, as pre-
viously assigned in the literature.22,38,39 This overall profile is similar
to that seen for methanol desorbing from Fe3O4(111).22 The remain-
ing peaks labeled β, γ, δ, ε, and ζ desorb at 173 K, 230 K, 268 K, 341 K,
and 495 K and correspond to cumulative coverages of 5.1, 4.0, 2.5,
0.8, and 0.3 molecules/u.c., respectively.

FIG. 1. Depletion series of CH3OH TPD spectra, obtained by depositing 10.2
CH3OH/u.c. on Fe3O4(001) at 100 K followed by pre-annealing to various temper-
atures at a rate of 0.5 K/s. Upon reaching the annealing temperature, the sample
is immediately cooled back to base temperature at a rate of 2 K/s before running
the TPD experiment. Traces for m/z = 31 are displayed. The colored curves (β, γ,
δ, ε, and ζ) correspond to the first spectrum in the series where a desorption state
is saturated. The corresponding coverage of each of these peaks is displayed in
the legend. The peak labeled α corresponds to multilayer desorption. The inset
shows the high-temperature region of the ζ curve multiplied by a factor of 10. A
heating rate of 0.5 K/s was used in all TPD experiments.

Below, we show that the β, γ, and δ peaks are due to the desorp-
tion of intact methanol, while the ε and ζ peaks are due to reactions
involving a methoxy intermediate. Specifically, ε is due to the des-
orption of additional methanol from the recombination of methoxy
and surface-bound hydroxyls, and the ζ peak is due to a dispropor-
tionation reaction, yielding formaldehyde and methanol. This can
be shown via a comparison of the m/z = 29 to m/z = 31 signals
(Fig. S3). A previous TPD study of methanol on Fe3O4(001) per-
formed adsorption at room temperature and also attributed the ε
and ζ peaks to reactions involving methoxy.24 Similar assignments
were also made in the study methanol on Fe3O4(111).22 We will
also propose structures for the β, γ, and δ states based on their
known coverage and additional information from our XPS and STM
results.

Interestingly, the desorption profile of methanol is similar to
that of water on Fe3O4(001), which has previously been published.30

The water coverages for the β, γ, δ, and ε peaks were determined
to be 8, 6, 3, and 0.7 molecules/u.c., respectively. For Fe3O4(001)
fully saturated with water and methanol (β peaks), one obtains
the water/methanol coverage ratio of 1.6. This ratio is very close
to 1.7, the expected ratio of the 2-dimensional (2D) molar densi-
ties of liquid water and methanol.40 The ratio of 1.5 is also sim-
ilar for the second high coverage γ peak. In contrast, the lower
coverage δ and ε peaks have ratios of 1.2 and 1, respectively.
This is likely due to reduced spatial constraints at lower cover-
ages, where both methanol and water can adopt similar binding
configurations.

Furthermore, the relative binding strengths of methanol and
water to the acidic Feoct sites can be compared. With the exception of
the β peak, methanol in γ, δ, and ε peaks is more strongly bound than
water. By comparing the proton affinities for methanol and water of
761 kJ/mol and 697 kJ/mol, we obtain the ratio of 1.09.41 If we multi-
ply the temperature scale for water TPD spectra, the γ, δ, and ε peaks
line up well with those of methanol (see Fig. S4). Given these similar-
ities to water, we propose later in the manuscript possible structures
for the different adsorption states based on the previously published
work on water.30

BINDING ENERGY DETERMINATION FROM TPD
ANALYSIS

We further analyze the TPD data displayed in Fig. 1 using
inversion analysis.32–35 The details of this method have been
described previously, and we give an in-depth explanation of the
method in the supplementary material (Sec. S5). Briefly, inversion
analysis uses an inverted form of the Polanyi–Wigner equation
where we assume that the prefactor is independent of coverage.
Desorption energy for the nth-order reaction order can then be
expressed using the following equation:

E(θ) = −kbT ln
⎛
⎝−

dθ
dT

βνθn
⎞
⎠, (1)

where E is the desorption energy, n is the reaction order, θ is
the coverage in molecules per unit cell, kb is the Boltzmann con-
stant, T is the temperature, and β is the heating rate. The opti-
mization method for selecting the prefactor value is described in
Sec. S5.
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Figure 2 shows the results of applying Eq. (1), assuming first
order desorption (n = 1) with a constant, optimized prefactor of
1 × 1017 s−1, to a single TPD spectrum corresponding to a cov-
erage of 5.1 methanols/u.c. (the green spectrum in Fig. 1). This
procedure yields the desorption energies for the different desorp-
tion peaks discussed in Fig. 1. Over the coverage range of 0.02–5.1
methanol molecules/u.c., the desorption energy decreases from a
value of 2.2 eV to 0.58 eV. A significant drop in desorption energy
occurs through the broad ε and ζ peaks, which correspond to the
reactions of methoxy species. However, as the ε and ζ peaks cor-
respond to the recombinative desorption, which is second order,
the exact values given in this range are affected by the assump-
tion of the first-order process. The β, γ, and δ peaks, which cor-
respond to the molecular desorption of methanol, can accurately
be analyzed as first-order processes. The slight decrease over the
coverage range of these peaks is indicative of repulsion between
methanol molecules as the coverage is increased. Repulsion is min-
imal in the δ peak, increases slightly in the γ peak, and becomes
more significant in the β peak. The strong repulsion observed in
the β peak is likely due to steric constraints as the methanol cov-
erage approaches a fully saturated layer. The structures we propose
later in our discussion take this change in desorption energy into the
account.

While the inversion of the full desorption spectrum of
methanol (Fig. 2) is informative, the assumption of a constant pref-
actor is not necessarily accurate. This is a result of the temper-
ature dependence of the prefactor and differences in the popula-
tion of various translational and rotational degrees of freedom.42

Figure 3 shows the sets of data where each of the desorption peaks

FIG. 2. Methanol desorption energy vs coverage obtained via inversion of
the Polanyi–Wigner equation32,33 using the TPD data corresponding to 5.1
CH3OH/u.c., as shown in the green trace in Fig. 1. The line and shading are
color-coded to the corresponding peaks displayed in Fig. 1. A constant prefac-
tor of 1 × 1017 s−1 was used to calculate the desorption energy dependence on
coverage.

were deconvolved from the overall TPD spectrum and analyzed
separately using the inversion analysis. The deconvolved peaks are
obtained by subtracting the highest coverage of the higher tempera-
ture state from the states filling the next lowest temperature state.

FIG. 3. [(a)–(d)] Desorption peaks for the β, γ, δ, and ε adsorption states deconvolved from the raw TPD spectra. The experimental spectra are color-coded by peak (see
Fig. 1) and are obtained by subtracting the raw spectrum by the spectrum corresponding to saturation of the next highest temperature desorption state. Simulations of the
spectra, using the best fit prefactor, are shown as dashed black lines. The reference experimental spectra that the simulations are based on are shown as solid black lines.
All graphs are plotted on the same y scale, although the spectra corresponding to the ε state in (d) are multiplied by a factor of five. (e)–(h) show the plots of desorption
energy vs coverage for each individual desorption state, obtained by inversion of the Polanyi–Wigner equation, as shown in Fig. 2, for the full spectrum. The best fit prefactor
is used to calculate each curve, and this value is displayed on each graph.
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TABLE I. Kinetic parameters extracted from the inversion analysis of methanol TPD spectra in Fig. 3.

β γ δ ε ζ

Cumulative coverage range (molecules/u.c.) 4.0–5.1 2.5–4.0 0.8–2.5 0.3–0.8 0–0.3
Differential coverage range (molecules/u.c.) 0–1.1 0–1.5 0–1.7 0–0.5 0–0.3
Energy range (eV) 0.68–0.50 0.90–0.79 1.01–0.90 1.20–1.01a . . .

Prefactor (s−1) 1015±1 1017±1 1017±1 1017±1a . . .

aObtained using second order inversion analysis [unit: (molecules/u.c.)−1 s−1].

The process for obtaining these spectra is described in detail
in the supplementary material (Sec. S5). The colored lines in
Figs. 3(a)–3(d) correspond to the experimental data, and the black
dashed lines are simulations obtained by solving the Polanyi–
Wigner equation. The prefactor and coverage dependent desorption
energy for the simulations are obtained from the inversion data of
the highest coverage experimental spectra for each peak [solid black
lines in Figs. 3(a)–3(d)].32,33 The first order desorption process, n = 1,
is assumed for the β, γ, and δ peaks (a)–(c), while we use the second-
order desorption, n = 2, for ε peaks (d). The prefactor is varied to
determine the best fit of all the coverages in each peak, as described
in the supplementary material (Sec. S5), and the simulations in Fig. 3
are calculated using the best fit prefactor. Based on our simulations,
the best prefactors for the β, γ, δ, and ε peaks are 1015, 1017, 1017 s−1,
and 1017 (molecules/u.c.)−1 s−1, respectively. Comparing the exper-
imental spectra to the simulations shows that the agreement is very
good, especially at the higher coverages within each adsorption state.
There is some error in the lower coverage points for each state due
to the subtraction of a much larger signal from the next highest
temperature state’s saturation point. The overall error of determin-
ing the prefactors is estimated to be within about two orders of
magnitude.

Figures 3(e)–3(h) show the plots of the desorption energy vs
the coverage for the β, γ, δ, and ε states, obtained by the inversion
analysis of the deconvolved spectra. The overall trend is similar to
that discussed when examining the results of the inversion of the
complete spectrum in Fig. 2. Significant repulsion is observed in the
β state, while repulsion is small in the γ state and even smaller in
the δ state. We can compare these deconvolved inversion plots to
the plot we obtained in Fig. 2, which used a constant prefactor of
1017 s−1 for the full spectrum (Fig. S9). The γ and δ features, which
have the best fit prefactor of 1017 s−1, show good agreement between
the deconvolved results and full results, as would be expected due
to the matching prefactor. However, there is a significant difference
between the two methods for the calculated desorption energies for
the β state. For this state, the prefactor of 1017 s−1 is not a good fit,
leading to a 17% difference on average between the two methods for
the β state. This discrepancy shows that the assumption that a pref-
actor is constant over a full desorption profile, while a reasonable
approximation, is not completely accurate. The difference in des-
orption order of the ε-peak (second order desorption due to recom-
binative desorption) results in an inversion curve that appears as a
parabola instead of a straight line. The best fitting prefactor, despite
the different order of desorption, is 1017 (molecules/u.c.)−1 s−1,
same as for the γ- and δ-peaks. The optimized kinetic parameters

obtained from the inversion analysis presented in Fig. 3 are summa-
rized in Table I.

METHANOL DISSOCIATION TO METHOXY
INTERMEDIATES

As already discussed, it was previously reported that the ε and ζ
desorption peaks result from the reactions of surface methoxy inter-
mediates. To track the formation of surface methoxy species from
methanol, we performed XPS experiments. The differences between
the methanol and methoxy C1s XPS binding energies have been
published previously,24 including our recent study of methanol par-
tial oxidation on Pd single-atoms on Fe3O4(001).43 In the experi-
ment presented in Fig. 4(a), the Fe3O4(001) surface is exposed to
0.68 methanol/u.c. and then annealed to various temperatures. XPS
measurements are subsequently performed at 90 K to measure the
amounts of methanol and methoxy after each anneal. Each point
corresponds to a new methanol dose in order to minimize methanol
dissociation induced by secondary electrons generated during the
XPS measurements (Fig. S10). The onset of methanol deprotona-
tion to methoxy and hydroxy is observed at 150 K, and by 180 K,
the amount of methoxy on the surface saturates at 0.65 methoxy/u.c.
The small shoulder on the low-temperature side of the TPD spec-
trum (∼300 K) presented in Fig. 4(a) (dashed black line) corresponds
to a small amount of the δ desorption state. Once all methanol in the
δ state desorbs, the amount of methanol measured by XPS drops to
zero, and only methoxy remains on the surface. Annealing to tem-
peratures above 250 K results in a drop of the coverage of methoxy
species due to desorption via the ε and ζ peaks until the coverage
reaches zero for annealing above 520 K. This confirms the previous
assignments of the ε and ζ peaks as being due to the reactions of the
surface methoxy species.22,24 Based on the analysis of our TPD data,
we can assign the ε peak to a recombination reaction of methoxy
and surface hydroxyl groups, while the ζ peak is due to a dispropor-
tionation reaction, forming additional methanol and formaldehyde
(Fig. S3).

Figure 4(b) shows an analogous set of experiments to those
presented in Fig. 4(a) but with a higher initial methanol cover-
age of 10.86 methanol/u.c. This coverage leads to complete satu-
ration of the surface and formation of the second layer. The data
for methoxy evolve in a similar fashion to that in Fig. 4(a). The
onset of methoxy formation is observed at 150 K, its coverage max-
imizes after annealing to 200 K, and it starts to decrease due to
reaction and desorption via the ε and ζ peaks. The methanol C1s XPS
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FIG. 4. (a) C1s XPS data tracking the amount of methanol (red points) and
methoxy (blue points) present on Fe3O4(001) after exposing the surface to a
dose corresponding to 0.68 methanol/u.c. between 80 K and 100 K. Each point
corresponds to a new methanol dose, which is annealed at a rate of 0.5 K/s to
the indicated temperature, before cooling to the base temperature for the XPS
measurement. A TPD spectrum corresponding to the same dose is plotted as a
dashed black line. The corresponding surface coverage as a function of temper-
ature obtained from the integral of TPD is plotted as a solid black line. The error
bar reported for a single point at 110 K in (a) is two times the standard deviation
of the average of three identical measurements. (b) shows a similar experiment to
(a) but with a starting methanol exposure of 10.9 methanol/u.c.

signal decreases from 125 K, where multilayers begin to desorb, to
275 K, where the δ peak desorbs. This experiment confirms our
assignment of the β, γ, and δ peaks being due to the desorption of
molecularly bound methanol. It further demonstrates that regardless

of the amount of methanol dosed, methoxy production saturates at
the coverage of ∼0.7 methoxy/u.c. This amount is the same as that
created at lower methanol exposure in the experiments in Fig. 4(a).
This coverage agrees well with our TPD measurements as the inte-
gral of the ε and ζ peaks combined corresponds to a coverage of 0.8
molecules/u.c.

In order to further confirm the formation of methoxy species,
we performed room temperature STM experiments. Figure 5 shows
a series of STM images obtained after exposing Fe3O4(001) to
increasing amounts of methanol at 298 K. Based on the XPS results
presented above, only dissociatively adsorbed methanol can be sta-
bilized at 298 K. At very low exposures, such as in Fig. 5(a),
methoxy is observed at defect sites, consistent with the previ-
ous study of methanol on Fe3O4(001).24 As the methanol expo-
sure is increased further [Figs. 5(b)–5(d)], the coverage of bright
methoxy species in the images increases. However, at the interme-
diate exposures, the images show a significant amount of streak-
ing, indicating that methoxy species are highly mobile. This is
best illustrated in Fig. 5(d), where most of the image is filled
with mobile methoxy, indicated by the streakiness filling most
of the image. However, at the very high exposures [Fig. 5(e)], a
stable, ordered structure begins to form, and the streaky regions
decrease significantly in size. Streakiness at the edges of these
clear structures indicates that methoxy is still very mobile and
moves from the edges of these stable islands. This behavior is
similar to methoxy diffusion studied on Cu(110).44 The structure
observed in Fig. 5(e) has the same coverage (1 site/u.c.) and unit
cell [(

√
2 × √2)R45○] as the BLO or Feint sites. However, the over-

all coverage of stationary methoxy species (bright spots) is ∼0.5
methoxy/u.c. This is primarily because there are still remaining bare
and streaky areas present. Considering these factors, the methoxy
coverage is likely higher than 0.5 molecules/u.c., in reasonable
agreement with the coverage of 0.7 methoxy/u.c determined from
XPS.

PROPOSED COVERAGE-DEPENDENT STRUCTURES
OF METHANOL OVERLAYERS

As already discussed, the coverage-dependent structures of
water on Fe3O4(001) have been investigated in great detail in a com-
bined experimental/theoretical study by Meier et al.30 In Meier’s
study, a similar desorption profile to that observed here for methanol
was reported. The β, γ, and δ adsorption states for water were found
to correspond to coverages of 8, 6, and 3 molecules per unit cell,
respectively.

Based on our experimental results and the analogy with
the water adsorption study,30 we put forward possible methanol

FIG. 5. [(a)–(e)] The series of empty
state room temperature STM images
obtained after exposing Fe3O4(001)
at 298 K to increasing amounts of
methanol (12 L, 24 L, 48 L, 72
L, 120 L). All images: sample bias
VS = 0.9–1.3 V, tunneling current
It = 70–110 pA, and image size of 30 ×
30 nm2.
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structures for the β, γ, and δ adsorption states. When we divide the
absolute water coverages in β, γ, and δ states by 1.7 (the ratio of
the 2D molar densities of methanol and water), we obtain methanol
coverages of 5, 4, and 2 molecules/u.c., respectively. These val-
ues are in good agreement with our experimentally determined
coverages of 5.1, 4, and 2.5 molecules/u.c, respectively. The water
adsorption structures in β, γ, and δ states are based on hydrogen-
bonded networks of water and hydroxyls along the Feoct rows, which
at higher coverages can bridge across the BLO and Feint sites. With
this in mind, we put forward possible methanol structures for 2, 3,
4, and 5 molecules/u.c. The 2 and 3 molecules/u.c. structures cor-
respond to the δ peak, the coverage of which we determined to be
2.5 molecules/u.c., and as such could correspond to either of these
structures, while the 4 and 5 molecules/u.c. structures correspond to
the γ and β peaks, respectively.

The proposed 2 molecules/u.c. methanol structure is dis-
played in Fig. 6(a). Methanol/methanol or methanol/methoxy pairs
are expected to adsorb on neighboring Feoct atoms and are sta-
bilized by a hydrogen bond along the Feoct row. The next two
Feoct atoms are left vacant, and then, the structure is repeated.
As the methoxy coverage is determined to be slightly under 1
species/u.c. by both TPD and XPS, the dimers will predominately
consist of methanol/methoxy pairs, but some dimers will consist of
methanol/methanol pairs. Protons resulting from the dissociation of
methanol form surface hydroxyls. These should be located at the
oxygen atoms of the BLO sites, as shown previously in studies of
hydroxyl species on Fe3O4(001).37,45,46

FIG. 6. [(a)–(d)] Proposed structures for 2, 3, 4, and 5 molecules/u.c., respectively.
Feoct is displayed in dark blue, Fetet is displayed in light blue, O is displayed in
red, O from methoxy is displayed in yellow, C is displayed in black, and H is dis-
played in white. A unit cell is shown as a black line in (a). For the schematics of
clean unreconstructed and reconstructed Fe3O4(001), see Fig. S1. The magnified
structures within one unit cell are shown in Fig. S11.

An alternate 2 molecule/u.c. configuration is a structure where
every other Feoct is occupied by methanol or methoxy (Fig. S12).
The corresponding structure for water was previously consid-
ered by Meier et al.30 However, we believe that the structure
presented in Fig. 6(a) is more likely due to the added hydro-
gen bonding. In fact, in the water study, it was shown that
dimers and trimers of water are thermodynamically more sta-
ble than monomers, which supports this assertion.30 In addi-
tion, the stability of a hydrogen bond between water molecules
is similar to that of one between methanol molecules, around
0.2 eV.47,48

Figure 6(b) shows the proposed 3 molecule/u.c. structure, the
second possible configuration for the δ peak. For this structure, we
propose a similar configuration to the known structure for a water
trimer on Fe3O4(001), where two intact water molecules hydro-
gen bond with a center dissociated hydroxyl species.30 By anal-
ogy, our structure consists of a trimer along the Feoct row with
a methoxy intermediate sandwiched in between two hydrogen-
bonded methanol groups. As mentioned above, since the methoxy
coverage is slightly lower than 1 molecule/u.c., it is possible that
some chains will be composed of three intact methanol molecules in
a linear hydrogen-bonded chain. The δ desorption peak likely cor-
responds to a coverage somewhere between the structures proposed
in Figs. 1(c) and 1(d).

Upon reaching the coverage of 4 molecules/u.c., the Feoct sites
are saturated. Such a structure is displayed in Fig. 6(c), which corre-
sponds to the γ adsorption state. Unlike for water, which can form
a continuous hydrogen-bonded structure along and across the Feoct
rows, the hydrogen-bonded chains in methanol are interrupted by
the methoxy species. However, as the proton affinity of methanol
is higher than that of water, methanol is expected to form stronger
bonds to the surface, which is consistent with our measurements for
the γ and δ states (Fig. S4).41 In our inversion analysis, we showed
that the desorption energy profiles for the γ and δ states (see Figs. 2
and 3) are mostly flat, indicating minimal repulsive interactions.
This is likely a consequence of coverages being below the 2D density
of methanol (4.3 molecules/u.c.).

This can be contrasted with the β state where significant repul-
sion is observed (Figs. 2 and 3). Furthermore, the desorption tem-
perature of the β state does not scale with the relative proton affini-
ties of water and methanol, and on a normalized scale, β state
methanol is more weakly bound than water (Fig. S4). Figure 6(d)
shows our proposed structure for the β state of methanol with
a coverage of 5.1 molecules/u.c. In this structure, the hydrogen-
bonded chains of methanol along the Feoct rows are retained, but
the methoxys are moved to the BLO sites, where they can inter-
act with their co-product, the surface hydroxyls formed upon the
dissociation of methanol. This is similar to the higher packed struc-
tures of water, where hydroxyls bridge the BLO sites via hydro-
gen bonds with an intact water molecule on the Feoct rows, and
surface hydroxyls formed from the dissociation of water.30 For
water, this structure forms stabilizing hydrogen bonds across the
rows, while for methanol, methoxy in the BLO site is not stabi-
lized by additional hydrogen bonding but will add a significant
repulsion of the methyl groups. This may explain the significant
repulsion observed for the β peak in our inversion analysis and
the fact that the methanol and water desorption temperatures do
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not scale with the proton affinity for this peak (Fig. S4). While we
think that our arguments for each of the presented structures are
compelling, they have to be examined in rigorous computational
studies.

CONCLUSION

We have provided a comprehensive picture of the adsorption
of methanol on Fe3O4(001). Our TPD spectra reveal that methanol
forms several distinct structures at different coverages. We con-
ducted an inversion analysis to deconvolve such multi-state TPD
spectra. We find that up to 0.7 methanol/u.c., methanol is con-
verted to methoxy and hydroxyl intermediates. This high probability
of dissociation can be associated with Fe3+ and O2− pairs on the
Fe3O4(001) surface.49 These dissociated groups can recombine to
form methanol via the ε state, or methoxy species can undergo a
further disproportionation reaction to formaldehyde and methanol
in the ζ state. These conclusions are in agreement with the study
by Gamba et al.24 The higher coverages of methanol are molecu-
larly bound and desorb via three distinct states, β, γ, and δ, which
correspond to coverages of 5.1, 4, and 2.5 methanols/u.c., respec-
tively. We have proposed structures for these adsorption states
based on the analogy with the structures of water on Fe3O4(001)
that were determined in the combined experiment/theory study
by Meier et al.30 We speculate that up to the coverages of 4
molecules/u.c., these structures involve hydrogen-bonded chains
along the Feoct rows that are interrupted by the methyl groups. The
strong preference for adsorption to Feoct atoms is due to the Fe3+

ions in the surface layer.26 Above this coverage, methoxy species
start to occupy the BLO sites, which have been shown to pref-
erentially bind anionic species when hydroxylated,30,37,45 creating
significant repulsion as observed in our TPD spectra and subse-
quent inversion analysis. The proposed adsorption structures cor-
responding to the observed TPD peaks need to be verified in future
studies.

SUPPLEMENTARY MATERIAL

In the supplementary material, see Sec. S1 for the schematics
of the structure of unreconstructed and reconstructed Fe3O4(001),
Sec. S2 for the series of methanol TPD spectra vs dose, Sec. S3 for
the analysis of the observed methanol mass fragments, Sec. S4 for
the comparison of methanol and water TPDs scaled by their proton
affinity, Sec. S5 for the inversion analysis of deconvolved methanol
TPD peaks, Sec. S6 for the comparison of the inversion analysis
of the overall spectrum and the deconvolved peaks, Sec. S7 for the
x-ray induced dissociation of methanol, and Sec. S8 for the schemat-
ics of the unit cells of the proposed structures and for the schematic
of the alternate structure for two methanol molecules per unit
cell.
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