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Industrial catalysts for the oxidation of methanol to formaldehyde consist of iron
molybdate [Fe,(MoQy);]. Using a variety of techniques we have previously
shown that the surface of these catalysts is segregated in MoOs, and in order to
understand the relationship between surface structure and reactivity for these
systems we have begun a surface science study of this system using model, single
crystal oxides. Model catalysts of molybdenum oxide nanoparticles and films on
an Fe304(111) single crystal were fabricated by the hot-filament metal oxide
deposition technique (HFMOD), where molybdenum oxides were produced
using a molybdenum filament heated in an oxygen atmosphere. Low energy
electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS), and
scanning tunnelling microscopy (STM) have been used to investigate
molybdenum oxide nanoparticles and films deposited on Fe;O4(111). The
molybdenum oxide film forms in the highest oxidation state, +6, and is
remarkably stable to thermal treatment, remaining on the surface to at least 973
K. However, above ~573 K cation mixing begins to occur, forming an iron
molybdate structure, but the process is strongly Mo coverage dependent.

Introduction

Formaldehyde, one of the most important industrial chemicals, is produced from
methanol using either silver or iron molybdate catalysts. Over iron molybdate, meth-
anol undergoes a partial oxidation reaction, forming formaldehyde and water.

CH;0H + 20, — HCHO + H,O (@)

The industrial iron molybdate catalysts are Mo—Fe—O mixed oxides with an excess
of Mo compared to Fe,(MoQOy);. Whereas stoichiometric ferric molybdate has a
Mo/Fe ratio of 1.5, in the catalyst the ratio is typically 2 or higher. This excess of
Mo is needed to maintain the active phase due to Mo loss occurring at hot spots
during the industrial process which can result in a reduction of the lifetime of the
catalyst to around twelve months. In contrast, an excess of iron in the molybdate
catalyst results in deeper oxidation.'™

The nature of the active site in the catalyst is a subject of debate and there are two
schools of thought regarding the origin of catalytic activity. The first is that it is due
only to the stoichiometric Fe;(MoOy); phase, the other is that the mixed oxides
phase with an excess of Mo is responsible. Clearly then, deducing the role of
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molybdenum at the surface of the catalyst and its chemical state is important for
gaining a deeper understanding of the system.

Temperature programmed desorption (TPD) studies have been carried out by
several authors,>® comparing the reactivity of methanol over Fe,O3;, MoO; and
the industrial iron molybdate catalyst. Single crystal MoO; gave more methanol
desorption than formaldehyde,® whereas polycrystalline MoOs gave more formalde-
hyde. Reaction with Fe,O; results in complete combustion to CO, and H,O,
whereas over MoO;, formaldehyde was found to be the only carbon-containing
product.® The industrial catalyst sample also gave rise to formaldehyde uniquely,
but was found to be much more active, with conversion beginning at 150 °C
compared with 270 °C for MoO;. The combustion observed for reaction over
Fe, 05 points towards formate as an intermediate species, whilst for the Mo-contain-
ing compounds, the involvement of a methoxy surface intermediate is suggested. The
inference here, therefore, is that the surface is dominated by the molybdenum oxide
species, which we,” and subsequently Routray er al® have confirmed using low-
energy ion scattering (LEIS) and transmission electron microscopy (TEM).

Although a great deal of research has been conducted into iron molybdate cata-
lysts,! little has been undertaken on the surface science of these compounds. We
have reported® some preliminary work, carried out in collaboration with Freund’s
group at the Fritz Haber Institute in Berlin, in which Mo layers were deposited
on thin films of single crystalline Fe;O04(111) grown on a Pt(111) single crystal.
The main conclusion was that ordered mixed structures were formed after annealing
above 900 K, in which the Mo and Fe cations are mixed. We present here results de-
tailing the deposition of molybdenum oxide films on a bulk iron oxide single crystal
surface for use as a model catalyst in the investigation of iron molybdate catalysis,
with the aim of identifying the nature of, and formation of the active phase and, ulti-
mately, of the active site for selective methanol oxidation.

Experimental

All experiments were performed in a UHV system built by Omicron Vacuum Physik
capable of performing scanning tunnelling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), low energy ion scattering (LEIS/ISS) and low energy electron
diffraction (LEED). The system comprises three separate chambers pumped by a
combination of four turbomolecular pumps, three titanium sublimation pumps
and three ion pumps, resulting in a base pressure of <l x 10~ mbar.

The Fe;04 sample was cleaned by Ar* bombardment at 1 keV, followed by an-
nealing in 1 x 1077 mbar oxygen, typically at 873 K, although temperatures in the
range 673-973 K were used for certain experiments. Surface cleanliness was moni-
tored by XPS and ISS, and gas purity analysed using a quadrupole mass spectrom-
eter. All gas exposures are quoted in Langmuirs (1 L = 107 torr s). XP spectra were
recorded using an Al Ko photon source and an analyser pass energy of 50 eV unless
stated otherwise. Binding energies were calibrated to the O(1s) peak at 530.2 eV. Ar*
bombardment of the Ag(111) sample was carried out at ambient temperature at
600 eV and the sample subsequently annealed at 723 K for 30 minutes. XP spectra
were calibrated to the Ag(3ds),) peak at 368.1 eV.1°

The iron oxide sample used was an Fe;O4(111) single crystal (Pi-Kem Ltd). The
sample was mounted on a standard Omicron molybdenum plate via spot-welded
Ta strips. A thermocouple was attached to the sample plate holder for temperature
measurement. All STM images were analysed using WSxM software.!

Molybdenum oxide films were grown by a hot filament metal oxide deposition
(HFMOD) technique.'>'* A current, typically 3.2 A, was passed through a coil of
0.25 mm Mo wire (Goodfellow, 99.95%) in an oxygen environment, with a typical
pressure of 4 x 107° mbar. The molybdenum oxide films were then annealed at
873 K in oxygen (1 x 1077 mbar), see discussion below, and the surface composition
analysed by XPS and/or ISS. For small MoO, coverages corresponding to less than
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a monolayer, surface concentrations were calculated from the area of the Mo(3d)
photoelectron peaks using the methods described in detail elsewhere.’*** For higher
coverages the thickness of the MoO, films were calculated from the attenuation of
the Fe(2p) peaks. A plot of film thickness against deposition time indicates uniform
film growth, Fig. 1.

Results

1. Clean Fe;04 surfaces

STM images of the clean Fe;O4(111) surface at relatively low magnification (Fig. 2a)
show terraces tens of nm in width separated by steps of ~0.5 nm height (Fig. 2e),
consistent with the expected height of the repeat unit for Fe;O4 in the [111] direc-
tion.'®!” However, even at this low resolution it is clear that there is further structure
within the terraces and a closer examination reveals a mixture of surfaces. Most of the
surface (Fig. 2b and c) is covered in a hexagonal structure with an inter-atomic
distance of ~0.62 nm consistent with the p(2 x 2) LED patterns observed previously
for the (111) surfaces of Fe;O, thin films.'®!* More recent work?® has demonstrated
that the topography of the magnetite surface can be sensitive to the preparation condi-
tions, particularly the final annealing step. Our conditions and STM images are similar
to those reported by Lennie e al.,** who refer to the hexagonal surface structure as
“Termination A” and assign it to a layer of oxygen capping an octahedral iron layer.
The same surface was observed by Flynn et al.,** who, on the basis of scanning tunnel-
ling spectroscopy data and subsequent chemical reactions, assigned it to an
Fe;04(111) surface terminated with Fe**”* ions in tetrahedral sites (“Fe;”). In our
case the “Termination A” surface is accompanied by areas that are not atomically
resolved, with a step height between the two layers of 0.12 4+ 0.03 nm (Fig. 2f, profile
(iii)), the wide range in values being due to unresolved structure within the second
surface termination. This differs significantly from the 0.38 and 0.05 nm step heights
reported by Lennie et al. for what they term “Termination B” which they assigned to
an “Fen—Feoc—Few” layer. However, our results are more consistent with this
model than with that of Flynn’s; the removal of the capping oxygen from the Fe,.
layer in Lennie’s model would give a step down to the iron layer of ~0.11 nm with
the additional unresolved structure in the lower layer being accounted for by the pres-
ence of defects necessary to stabilize the excess positive charge. In Flynn’s model
however, the expected step heights from the tetrahedrally coordinated iron layer
would be 0.06 or 0.18 nm. LEED patterns of the clean surface (Fig. 3), show only a
p(2 x 2) structure consistent with the dominant Termination A.
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Fig. 1 MoO, film thickness as a function of the deposition time, determined from the Mo(3d)
XPS signal. Filament current: 3.8 A; oxygen pressure: 8.0 x 10~° mbar.
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Fig. 2 STM images from the clean Fe;O4(111) surface after sputtering and annealing in 1 X
10~7 mbar of oxygen at 873 K. (a) Large-scale image in which one can clearly observe individual
terraces, separated by single height steps (~0.5 nm). (b)-(d) Higher magnification views
showing the complex nature of the surface. Line profiles are identified with Roman numerals
and drawn in (e) and (f). (V, = —1.0 V, I, = 0.465 nA).

() (b)

Fig. 3 LEED pattern recorded from the Fe304(111) single crystal surface. (a) Clean surface at
70 eV after annealing in oxygen pressure of 10~7 mbar for 30 min at 873 K. (b) After deposition
of MoO, for 50 min and annealing to 973 K for 30 min in oxygen pressure of 10~7 mbar.
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2. Deposition of molybdenum oxide on Ag(111) and Fe;O, surfaces

Mass spectrometric studies of MoQOj3 vaporization have shown a mixture of gaseous
ions of general formula Mo,03;,(g) (n = 3, 4, 5) with the most abundant being
Mo309*, M040;>* and MosO;5*.232* Previous investigations of HFMOD show
the deposition of a mixture of MoO; and MoQO,, with exact ratios dependent on
conditions.”® To confirm the nature of the deposited films under the present condi-
tions, molybdenum oxide was first deposited on a Ag(111) surface which offers a
non-reducible support to the incoming MoO,, and the possibility of oxidation via
a surface reaction is unlikely, since the dissociative sticking probability of oxygen
at this surface is extremely low. XP spectra of the resulting films show a single
peak in the O(1s) region at 530.5 eV which was invariant with coverage (not shown)
and the expected doublet in the Mo(3d) region with a Mo(3ds/;) binding energy of
231.3 eV, Fig. 4a. The latter was also unchanged with coverage and is at a binding
energy that has been assigned previously to Mo®* but probably consists in the
present case of a mixture of oxidation states from Mo®" to Mo*".?* In contrast,
the initial deposition of molybdenum oxide on the magnetite surface, Fig. 4b, results
in an Mo(3ds,) binding energy of 232.4 ¢V characteristic of Mo®". This remained
constant for coverages up to ~3 monolayers but then decreased with further expo-
sure reaching a binding energy of 231.3 eV after the deposition of 8 or more mono-
layers of molybdenum oxide (data not shown). The O(1s) peak was unchanged from
the clean surface binding energy of 530.2 eV, though the peak broadened slightly at
the highest coverages of molybdenum. Annealing of the molybdenum oxide covered
surfaces in the presence of oxygen (10~7 mbar, 30 min) at temperatures of up to 973
K did not lead to a decrease in the overall intensity of the molybdenum peaks but
even at 473 K resulted in a shift in binding energy to 232.2 eV. The clear implication
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Fig. 4 XP spectra showing the Mo(3ds») and Mo(3d;,,) peaks after increasing exposures to
MoO,. The Mo(3ds;,) peak binding energy of 232.4 eV is characteristic of a Mo®" species.
The surface concentration of Mo is calculated from the XP peak area using methods described
previously.'**s (a) MoO, deposition on Ag(111). (b) MoO, deposition on clean Fe;04(111), (i)
clean surface; (ii) oo = 3.7 x 10™ cm™2, (i) oo = 4.5 x 10 cm ™2, (iv) opo = 6.2 X 10 cm ™2,
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of these data is that the initial deposition of molybdenum oxide involves a mixture of
oxidation states which are converted upon adsorption at the iron oxide surface to
become fully oxidized. However, there is no corresponding shift in the Fe(2p) spectra
to indicate any reduction of the Fe**'**, either because the changes are too small to be
detected or due to the ability of the reduced iron oxide surface to dissociate the
oxygen that is available in the gas phase. Once the molybdenum oxide layer thick-
ness exceeds ~3 monolayers this oxidation pathway for the molybdenum oxide is
closed off, and reduced Mo states begin to appear at the surface. To ensure that
the surfaces are fully oxidized the MoO,/Fe;04 surfaces were annealed at 873 K
for 30 min in 1 x 10~® mbar O,. Three concentrations of molybdenum oxide were
studied in detail and are reported below: 3.7 x 10", 4.5 x 10" and 6.2 x 10"
cm~2, (expressed as the surface concentration of molybdenum), Fig. 4b. The unre-
constructed oxygen-terminated (111) surface of magnetite has an oxygen surface
density of 1.31 x 10'> cm~2

LEED patterns recorded from the magnetite surface after deposition of the
molybdenum oxide showed no extra features, only an increase in the background
intensity. Annealing in oxygen at 1077 mbar for 30 min at temperatures up to
~873 K led to much sharper LEED patterns but no additional features were present.
However, a new LEED structure was observed for higher coverages of molybdenum

_22 421] pattern (with reference to

the hexagonal close packed oxygen) was observed. This corresponds to a
(2v/3 x 24/3)R30° structure with a unit cell dimension of 1.02 nm.

(>1 x 10" cm~?) annealed to 973 K, Fig. 3b. A {

Fig. 5 STM image after exposure of a clean Fe;O4(111) single crystal surface to molybdenum
oxide followed by annealing in oxygen at 107 mbar. Total Mo concentration calculated from
Mo(3d) XP spectra = 3.7 x 10'* cm~2. Profile (i) shows the 0.6 nm periodicity of the underlying
surface; profiles (ii) and (iii) show the 0.15 nm height of the adsorbed features and the 1.2 nm
periodicity of the islands. (V, = —=1.0 V, I, = 0.465 nA).
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After annealing in oxygen at 873 K, the STM images of the lowest concentration
of MoO, studied (3.7 x 10" cm~? ) show a surface dominated by Termination A,
Fig. 5. The adsorbed molybdenum oxide appears as bright, approximately circular
features scattered across the surface; there are some individual such units, but the
majority of them are in the form of islands. The features have a very regular diameter
of approximately 1 nm and an apparent height of approximately 0.25 nm. For many
of the features a “hollow” is present in the centre (see for example Fig. 5d, profile
(iv)). There is clear evidence of order within the molybdenum oxide islands, with
regular spacing between features of ~1.2 nm, double that of the underlying
substrate. By extrapolating the substrate lattice over the island and the individual
features, it is apparent that the molybdenum oxide sits directly on top of one of
the bright features from the substrate. The ordered areas are comprised of a p(2
x 2) structure with regards to the underlying Fe layer, which would therefore corre-
spond to a p(4 x 4) structure with regards to the oxygen layer. We were unable to
obtain confirmation of this structure from LEED, possibly because of the small
domain size.

At the higher molybdenum surface concentration of 4.5 x 10" cm2, extended
rounded islands are evident covering approximately 1/3 of the surface (Fig. 6a).
There are steps of ~0.5 nm between terraces, together with islands within the
terraces with heights of approximately 0.3 nm. Higher magnification images,
Fig. 6b, show that other areas of the image retain the (2 x 2) structure seen at the
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Fig. 6 STM image after exposure of a clean Fe;O4(111) single crystal surface to molybdenum
oxide followed by annealing in oxygen at 107 mbar. Total Mo concentration calculated from
Mo(3d) XP spectra = 4.5 x 10" cm~2. Profile (i) shows the typical 0.3 nm step height; profiles
(ii) and (iii) show the 0.6 nm and 0.12 nm periodicity of the underlying structures. (V, = +2.5V,
I, = 0.525 nA).
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clean surface (e.g. profile (ii)), albeit with a large number of scattered bright features
that correspond well to molybdenum oxide groups. In addition, the raised areas
exhibit a large hexagonal lattice unit cell with a periodicity of 1.2 nm (Fig. 6, inset
¢) corresponding to the (4 x 4) structure characteristic of the molybdenum oxide
islands seen at lower coverage. A small number of brighter areas are also present
at this concentration. These appear to be approximately 0.15 nm above the (4 x
4) structures and constitute a second layer. Interestingly, these do not exhibit the
(4 x 4) structure but instead show features with a 0.6 nm periodicity, suggesting a
return to the (2 x 2) structure. The second layer areas also show individual bright
features that are poorly resolved but similar to the individual molybdenum oxide
groups observed at lower terraces.

Further exposure of the surface to molybdenum oxide increases the molybdenum
surface concentration to 6.2 x 10" cm~2. STM images show that the large islands
have propagated across the surface, and now cover the majority of the surface,
Fig. 7a. Step heights between terraces are approximately 0.4 nm, with individual
features on top of the terraces with heights of approximately 0.2 nm. High resolution
images of the molybdenum area show an underlying structure with a 0.6 nm period-
icity. Fig. 7a shows the surface after annealing to 873 K, Fig. 7b and c show the
surface after further annealing to 973 K in an oxygen pressure of 10~” mbar. The
STM images reveal a smoother surface with terraces separated by 0.5 nm steps
but still with scattered features on some terraces. A close up of the terraces,
Fig. 7e, reveals a well ordered structure with a periodicity of 1.03 £ 0.02 nm rather
than the previous 1.2 nm spacing, correlating well with the unit cell determined by
LEED.

Fig. 8 shows Low Energy lon Scattering spectra and the corresponding XP
spectra of the clean iron oxide surface, the surface after exposure to molybdenum
oxide and then after annealing the resulting surface to 873 K in an oxygen atmo-
sphere of 1 x 107° mbar. The surface molybdenum concentration is 6.2 x 10
cm~2, comparable to that of the third exposure studied by STM. After MoO,, depo-
sition, the Fe peak is no longer observed, being replaced by a Mo peak; the oxygen
signal also increases. Upon heating, the Fe peak reappears at temperatures of 593 K
and above, becoming larger than the Mo peak by 673 K, but not reaching the level of
the clean surface, and showing a lower Fe : O ratio. Since the XPS shows no desorp-
tion of the MoO, this indicates that there is diffusion of the iron into the molyb-
denum oxide layer. The peak that develops at 680 eV is due to potassium, an
occasional contaminant in the vacuum system at high annealing temperatures.

Discussion

The XPS results from the silver surface indicate that the deposition of the molyb-
denum initially involves a mixture of molybdenum oxidation states, but on magne-
tite these are oxidized on adsorption to Mo®*. Although higher coverages on the
magnetite begin to show reduced molybdenum states, these are fully oxidized by an-
nealing in oxygen. In all our experiments therefore we believe we have studied a
MoOs;-like state. At low coverages these are manifested in the STM as 0.15 nm
high features located on the sites previously assigned by Lennie ez al. to capping
oxygen on Termination A. The molybdenum features have diameters of ~1.0 nm
and there is evidence for a depression in the centre (Fig. 5c and d, profile (iv)) but
we were unable to obtain high resolution images of them. To account for this large
size we propose that each feature is an Mo;Og trimer — these are known to be a
constituent of the gas phase evaporation of molybdenum oxides;?* analogous
W30y trimers have previously been reported® on TiO, surfaces and imaged by
STM. The adsorption site for the trimers was shown by STM to be on top of the
bright features assigned by Lennie et al. to “capping” oxygen adatoms. The model
proposed in Fig. 9 details how the size of M03;0¢*” would steer it towards the forma-
tion of a (4 x 4) structured adlayer. A more densely packed structure would appear
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Fig. 7 STM images of Fe304(111) with a total Mo concentration calculated from Mo(3d) XP
spectra of 6.2 x 10" cm=2. (a) and (b) STM of MoO,, overlayer after annealing in oxygen at 873
K. (c) and (d) After further annealing at 973 K. Profile (i) shows the typical 0.3 nm step height;
profiles (i) and (iii) show the 0.6 nm and 0.12 nm periodicity of the underlying structures. (V, =
+2.5V, 1, =0.525 nA).

to be unlikely. At higher molybdenum oxide coverages, the majority of the surface is
covered in a second layer, which appears to have returned to the (2 x 2) structure of
the clean surface. The LEIS scattering reveals that following annealing above 473 K,
Fe is present in the topmost surface layer. This corresponds to the temperature range
in which the conversion and formaldehyde selectivity are at their highest when meth-
anol is reacted over the mixed iron molybdate catalyst and in future work we will
explore the reactivity of methanol with these surfaces. We know that from earlier
work on powdered catalysts®® that as the bulk loading of Mo increases, so the
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Fig.8 LEIS spectra of an iron oxide surface exposed to the MoO, flux from a hot Mo filament
and after subsequent annealing: (a) clean, (b) following Mo exposure, and after annealing at (c)
473 K, (d) 573 K, (e) 673 K, (f) 873 K, (g) 973 K.

selectivity to CO, (typical of iron oxide) diminishes very rapidly to be largely re-
placed by CO production, with formaldehyde beginning to dominate at bulk
Mo : Fe ratios as low as 0.2. It will be important to assess how the single crystal
materials behave in relation to bulk catalyst behavior, and to relate this to surface
structure. These results show that molybdenum stays in the surface region of the
crystal. This agrees with earlier work on powdered catalysts systems, where it was
shown by TPD measurements? and by LEIS and TEM? that the surface is enriched
in Mo. We have also recently shown,? in a closer analogy to the present paper, that
when Mo is chemically dosed onto either an Fe,O3 or Fe;0,4 powder, it stays in the
surface region. For all these materials, the presence of molybdenum in the surface
layer is crucial to produce high selectivity to formaldehyde, since iron oxide alone
is a combustor.
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