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ABSTRACT: A series of MoO,-modified Fe,O; catalysts have been
prepared in an attempt to make core—shell oxidic materials of the type
MoO,/Fe,0;. It is conclusively shown that for three monolayers of Mo
dosed, the Mo stays in the surface region, even after annealing to high
temperature. It is only when the material is annealed above 400 °C that
it reacts with the iron oxide. We show by a combination of methods, and
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especially by XAFS, that at temperatures above 400 °C, most of the Mo

converts to Fe,(MoO,);, with Mo in a tetrahedral structure, whereas below that temperature, nanocrystalline MoOj is present in
the sample; however, the active catalysts have an octahedral MoO,, layer at the surface even after calcination to 600 °C. This
surface layer appears to be present at all temperatures between 300 and 600 °C, and it is the nanoparticles of MoO; that are
present at the lower temperature that react to form ferric molybdate, which underlies this surface layer. It is the MoO,, layer on
the Fe,(MoO,); underlayer that makes the surface active and selective for formaldehyde synthesis, whereas the iron oxide surface
itself is a combustor. The material is both activated and improved in selectivity due to the dominance of the methoxy species on
the Mo-doped material, as opposed to the much more stable formate, which is the main intermediate on Fe,O;.

KEYWORDS: methanol oxidation, formaldehyde synthesis, model catalysts, iron molybdate, XAFS, Raman spectroscopy,

core—shell catalysts

Bl INTRODUCTION

The production of formaldehyde is a very important industrial
reaction, with an annual turnover of ~6 M tons worldwide.
Formaldehyde is valued for its ability to act as a unit to higher
valued products, including thermosetting resins, adhesives,
paper, and fertilizers. Typically, the reaction to formaldehyde
involves the oxidative dehydrogenation of methanol, with the
first developments of this process recorded in the 1930s. Two
main catalytic routes have been identified for this chemistry.
First was a silver-catalyzed process,l’2 which uses a methanol-
rich air mixture (at atmospheric pressure) at temperatures
between 560 and 600 °C. Formaldehyde yields for this process
have been reported to 89%, with the catalyst able to survive for
several months. Second, in 1931, Adkin reported the first iron
molybdate process.®> Here, an excess of air is required, with
typical reaction temperatures being less than 400 °C.
Formaldehyde yield has been reported to be 95%, with the
lifetime of these catalysts being 6—12 months.

For the large-scale industrial process, the catalyst typically
used is a bulk iron molybdate catalyst with an excess of
MoO;.*° 1t is thought that the excess MoO, primarily acts to
replace any molybdenum lost through sublimation at elevated

-4 ACS Publications  © 2013 American Chemical Society

243

temperatures, which could lead to the formation of the
unselective Fe,O; phase. It is a subject of some debate in the
literature as to which phase, MoO; or Fe,(MoQ,);, provides
the active site for these reactions. Some consider the
Fe,(MoO,); to be acting solely as the active phase.ﬁ’7 Soares
et al. carried out work to rationalize this. Two catalysts, a
stoichiometric catalyst (Mo/Fe 1.5:1) and another with Mo
excess (Mo/Fe 3:1), were prepared and tested for their ability
in the oxidative reaction. They argue that the Fe,(MoO,); is
the active phase because although the increase in the amount of
Mo may improve selectivity, the fundamental activity per unit
surface demonstrates no change.8 However, there is a counter
argument that MoOj is not simply there to replenish any lost
molybdena, but is also required for complete selectivity to
>1% MoQ, is highly regarded for its ability to
improve the selectivity of this reaction, since an increase in Mo
will consequently lead to greater oxygen availability at the

formaldehyde.
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catalyst surface and changes in activity. Mo-rich catalysts will
have a higher capacity to increase surface reoxidation.

House et al. used aberration-corrected scanning transmission
electron microscopy(acSTEM), to show that the surface of
these catalysts is enriched with Mo.” This is also shown by the
work of Routray et al. through the use of HRTEM.'"'?
Evidence of Mo segregation has also been supported through
reactivity. Fe,O; itself is a highly unselective catalyst for
methanol oxidation, with the formate intermediate leading to
CO, through complete combustion.*'* However, with low
loadings of Mo, the iron oxide exhibits significantly different
selectivity. This suggests that Mo is having a direct effect on the
reaction and indicates that the Mo must be predominantly at
the surface. Other work from the same group has indicated the
active site for the reaction to be Mo (VI), which cycles through
Mo (IV) during the reaction.'® Within this work, several
different oxygen sites have been defined and clarified in their
roles during this oxidative reaction.

Although the debate regarding the active phase is still
ongoing, what is agreed, however, is that the topmost layer of
any heterogeneous catalyst is crucial to the efficiency of that
material; it is the interface between the catalyst and the reaction
phase, so it is important to learn as much as possible about this
surface layer. To fully understand the chemistry involved at the
surface, it is important to identify not only the phase present
but also how this can be related to activity and overall
performance of the catalyst.

A broad range of characterization techniques have been used
to gain a better understanding of these catalysts. Common
techniques for phase identification in these mixed oxides would
include Raman,'**'> IR *¢ and XRD.}*7 Catalytic testing has
also been crucial in understanding the chemistry involved. In
addition to formaldehyde production, a number of side
reactions must also be considered. Although bulk iron
molybdates generally possess high selectivity, small amounts
of dimethyl ether, dimethoxymethane, methyl formate, and CO
are also possible byproducts. Catalysts with excess Mo tend to
demonstrate close to 100% selectivity to formaldehyde, with
reduced DME byproduct.

A pivotal surface intermediate involved in the reaction is the
methoxy, and depending on the surface properties, the methoxy
can yield a variety of products.'® Formaldehyde is seen to be
produced over redox sites, DME over acid sites, and CO/CO,
over basic sites; hence, for bulk MoOj, the primary product is
formaldehyde because the surface of MoOj is redox site rich.
This eliminates the likelihood for any significant amounts of
DME or CO/CO,. In contrast, Fe,O5 is a very poor performer
in this reaction. It is shown to be a combustor of methanol,
yielding only CO, and H,. This would therefore indicate that a
formate intermediate is produced, as shown by Bowker et
al,*'"'* as opposed to the methoxy, which is required for
selective formaldehyde production.

Although the structures of MoO; and Fe,(MoQ,); are
reasonably well understood, there still remains some doubt
about how they react with methanol, which phase is
predominantly involved in the reaction, and especially about
the nature of the very topmost surface layers.

The objective of this paper is to determine the nature of the
surface layer(s) in the catalysts prepared, in terms of both
reactivity and structure, and here we make use of surface layers
of Mo oxide (MoO,) deposited onto an iron oxide powdered
catalyst. We denote the samples as MoO, to differentiate
between the MoO; phase. Carrying out this method allows us
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to exclusively analyze surface structural changes by probing
changes in Mo structure using XAFS and relate this to changes
in catalyst reactivity. XAFS will provide a unique and innovative
way of exploring the various structural motifs forming at the
surface. XAFS complements other characterization techniques,
because it tells us about local geometry, as opposed to long-
range structure. A range of other techniques, including electron
microscopy, powder XRD, IR, and Raman spectroscopy, have
been used here to provide insight into the composition and
morphology of these model materials.

B RESULTS AND DISCUSSION

To confirm the loading of molybdenum onto the catalyst
surface, all samples were analyzed by SEM-EDX mapping.
Analysis showed an average Mo loading of 2.7 wt %. TEM-EDX
line scans were performed to ensure that catalysts had been
prepared homogeneously prior to use in further character-
ization and testing. Results showed molybdenum to be well
dispersed across the iron surface. The images show aggregates
of particles in the size range of 30—50 nm. No obvious smaller
molybdenum particles were seen to be at the surface of these
crystalline iron oxide particles. Ex situ XRD analysis has
revealed that for all calcination temperatures, Fe,Oj is the only
phase detected. There are no separate phases, indicating either
that Mo is in an amorphous phase or that we have Mo present
in ordered phases of low dimensionality. XPS analysis showed
that the Fe and Mo were always in their highest oxidation states
of 3" and 6%, and the surface region Mo/Fe declined from an
atomic ratio of 0.14 to 0.09 (see the Supporting Information)
during annealing from 120 to 600 °C. Finally, BET analysis has
been used both before and after catalyst synthesis. The surface
area of the bulk MoO; sample is very low, with a recorded
surface area of 0.7 m* g”'. The iron oxide however, has much
higher surface area, measuring 21 m’ g™'. After loading
molybdenum onto the iron oxide surface via incipient wetness,
there was a small reduction in surface area by 6 m* g”'. There
were no obvious changes in surface area upon calcination.
Vibrational Spectroscopy. Raman spectra for the bulk
phase reference materials and prepared catalysts are shown in
Figure 1. The iron oxide shows bands expected for hematite,"”
with major peaks present at 280 and 390 cm™" but that are not
shown in Figure 1, which focuses on the Mo-related bands.
Molybdena shows significant bands at 820 and 990 cm™" due to

3ML MoO /Fe,0, Dried 120 °C
Mwﬂ. MoO /Fe,0, 300 °C

3MJ. MoO /Fe, 0, 400 °C

3ML MoO /Fe,0, 500 °C
J\\~ 3ML MoO /Fe,0, 600 °C

Counts / Arbitrary Units

T T T T T 1
600 700 800 900 1000 1100

Raman Shift / cm™

Figure 1. Raman spectra of 3 ML MoO,/Fe,0; dried at 120 °C and
for calcination temperatures of 300, 400, 500, and 600 °C together
with reference spectra of Fe,O; MoO;, and Fe,(MoO,)s.

dx.doi.org/10.1021/cs400683e | ACS Catal. 2014, 4, 243—250



ACS Catalysis

Research Article

Table 1. Raman and IR Vibrational Bands and Their Proposed Assignments for Molybdena and Iron Molybdate Systems

wavenumber
(em™) band assignment (Raman)
667 symmetric Mo—O—Mo stretch in MoO,'"**
700—90 broad
780 Mo—0O—Mo asymmetric stretch in Fez(MoO4)320
817 Mo—O—Mo asymmetric in MoO,"!
850—555
855—-840
880
960 terminal Mo=0 bond of distorted polymolybdate ions, such as
Mo,0,,5 and MogO,s*~
961
992 terminal Mo=0 symmetric stretch in MoO;'"'>**

band assignment (IR)

tetrahedral species of Mo in Fe,(MoO,)*
0-Mo—0 in Fe,(M00,); MoO, tetrahedra®

Mo—O—Mo bridge stretch
v (Fe—Mo—0)
Mo—O-Mo stretching26

terminal Mo=0 bond of distorted polymolybdate ions, such as
Mo,0,,5" and MogQO,s*~

Fe—O—Mo vibration®”
Mo=0 stretching mode in bulk MoO,

the Mo—O—Mo bridge and Mo=O terminal stretch,
respectively (Table 1).'"?>*' The stoichiometric ferric
molybdate sample itself shows similar bands to molybdena,
but the main bridging and terminal stretches are shifted to 780
and 960 cm™'. The Raman spectra for the 3 ML MoO,/Fe,0,
catalyst annealed to various temperatures are also detailed in
Figure 1, with the spectral range centered around the main Mo-
related bands. There is one main band from hematite at 610
cm™, as expected, because iron oxide is the major material in
the sample. However, there are smaller bands due to the
presence of Mo in the sample, which are manifested as MoO3-
like features up to 400 °C (990 and 820 cm™), but after
heating above 400 °C, they convert and resemble ferric
molybdate (960 and 780 cm™).

There are, however, some weak remnant molybdena-like
peaks. Similar trends are also observed for the infrared spectra
(Figure 2) of these materials, with bands detailed in Table

3ML MoO /Fe,0, Dried 120 °C

ML MoO /Fe,0, 300 °C

3ML MoO /Fe,0, 400 °C

I 3ML MoO /Fe,0, 500 °C
: 3ML MoO /Fe,0, 600 °C
m

875

% Transmittance

T T T 1
500 625 750 1000 1125 1250 1375 1500

-1
Wavenumber / cm

Figure 2. IR spectra of 3 ML MoO, /Fe,O; dried at 120 °C and after
calcination at 300, 400, 500, and 600 °C together with reference
spectra of MoOj; and Fe,(MoO,);.

1.>*** An indicative band for MoO; at 990 cm ~! is observed
for the sample calcined to 400 °C. Bands at a lower
wavenumber that we would expect to see for MoOj; are not
present, but this can be explained as a result of the overlap with
the other bands present, such as Fe—O—Mo, which is formed
through bonding of the Fe,0; to the adsorbed Mo-containing
species. Upon calcination to 500 °C, there is a shift of the band
at 990 cm ™! to 960 cm™!, which is indicative of a phase change
to iron molybdate and characteristic of the Fe—O—Mo stretch.

Electron Microscopy. TEM has proved useful in
identifying that the molybdenum is present at the surface of
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the catalyst. Figure 3 shows a TEM image for a typical particle
in a 3 ML MoO,/Fe,0; catalyst calcined to 500 °C . There are

Figure 3. TEM image of a catalyst particle for the 3 ML MoO,/Fe,0;
catalyst, which had been calcined to 500 °C.

no obvious isolated molybdena particles at the surface,
indicating that we are more likely to have a layer structure.
Particle sizes for the catalyst are typically in the range of 30—50
nm, with results consistent across a range of different areas of
the sample in the TEM. Figure 4 shows the accompanying
TEM EDX data for the particle in Figure 3. This clearly shows
that the outer surface layers are enriched in Mo with a low level
of iron compared with the core of the particle. The data
evidently show a Mo signal at the edge with a much reduced
signal in the core, suggesting that the Mo is concentrated on
the surface of the Fe,O; particle. Results were repeated across a
range of particles.

XAFS. The XANES spectrum of the dried 3 ML MoO,/
Fe,0; sample (120 °C) compared with those of MoO; and
Fe,(Mo00O,); is shown in Figure Sa. The interpretation of
features in the Mo XANES spectra involves the assignment of
the pre-edge peak at ~19 995 eV and the peak at 20010 eV.
The pre-edge peak is attributed to the dipole-forbidden/
quadrupole-allowed 1s—4d transition,”® associated primarily
with tetrahedral geometry, but is also present, albeit weaker, in
structures with distorted octahedral geometry.”>***° The peak
at 20 010 eV is assigned to the dipole-allowed 1s—Sp transition
and is a characteristic feature of Mo species with octahedral/
distorted octahedral geometry.”****°A comparison of these
XANES spectra shows that the dried 3 ML MoO,/Fe,O; (120
°C) sample has a weaker pre-edge feature than MoO,,
indicating the geometry of Mo is distorted octahedral. The
XANES spectrum of MoO,/Fe,0; (120 °C) is different from
MoO; in other regions, including a difference in intensity of the
peak at 20010 eV.

dx.doi.org/10.1021/cs400683e | ACS Catal. 2014, 4, 243—250
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Figure 4. EDX line scan analysis from Figure 3 showing the Fe (top)
and Mo (bottom) contributions.

A comparison of the processed XAFS data of MoO; and the
dried 3 ML MoO,/Fe,0; (120 °C) sample is shown in Figure
Sb. The k*weighted y data show a similar phasing and
amplitude for the two samples at values of low k. However, the
disparity at higher k suggests that there is less long-range

ordering present in the Mo oxide deposited on Fe,O; and
fewer high-Z neighbors. This is supported by the radial
distribution function (Figure Sc) where the data are dominated
by the primary oxygen coordination distances, with only small
contributions present at higher values (>3 A) in R space. This is
in contrast to the radial distribution function of MoO; where a
large secondary shell of Mo neighbors is readily apparent,
indicating that the model catalyst Mo has very limited
dimensionality.

The effect of the annealing temperature on the nature of Mo
within the samples can be seen in the XANES comparison
(Figure Sd). By assessing the intensity of the pre-edge peak at
19 995 eV, the XANES spectra show that large amounts of Mo
begin to be incorporated into a tetrahedral phase at 500 °C,
most likely in the form of Fe,(MoO,);, as indicated by the
Raman data, with initial changes in the XANES spectra first
seen at 400 °C. No changes are observed in the sample calcined
to 300 °C. The k*weighted y spectrum of the 400 °C annealed
sample in Figure Se indicates that the sample is beginning to
show features associated with MoO; phase formation. An
analysis of the phase composition was assessed by performing a
linear combination fit of the XANES and y data (Table 2) using
the initial dried sample and MoO; as the reference spectra
(Figure Se, f).

The linear combination fits show that a distinct phase of
MoO; is present in the sample. There is some discrepancy in
the relative composition generated by the different linear
combination fits, but they both indicate that at these
conditions, the MoQOj; phase is being formed. For the samples
annealed beyond 400 °C, Fe,(Mo0O,); and the dried 3 ML
MoO,/Fe,0; (120 °C) were used as reference spectra for
linear combination fit analysis to ascertain the extent of
Fe,(MoO,); formation. Attempts were made to incorporate
MoO;, but more satisfactory fitting parameters were
determined without the inclusion of this reference spectrum.

(@) (b)
R ——Fe,(MoO,),

- = ~MoO,

~-=- 3ML MoO /Fe,0, (120 °C)

Normalized absorption
K7 (k) /A?

©

——MoO,
- - = 3ML MoO,Fe,0, (120 °C)

- - ~3ML MoO fFe,0, (120 °C)
——MoO,

FT Ky (k) /A

19960 19980 20000 20020 20040 20060 20080 20100
Energy / eV
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7 3ML MoO fFe,0,
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] 300°C
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Figure 5. (a) Normalized XANES spectra of dried 3 ML MoO,/Fe,0; (120 °C), MoOj, and Fe,(MoO,);; (b) k>-weighted experimental data and
(c) Fourier transform for 3 ML MoO,/Fe,O; (120 °C) and MoO;; (d) XANES spectra of 3 ML MoO,/Fe,0; catalysts annealed to different
temperatures and linear combination fits (LCF) of 3 ML MoO,/Fe,0; (400 °C) using MoO; and 3 ML MoO,/Fe,0; (120 °C) as standards fitted

in (e) y and (f) normalized XANES.
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Table 2. XANES Linear Combination Fit (LCF) Analysis®'

reference standards (%)

MoO,
sample MoO; /Fe,O; Fe,(MoO,), Rerctor
3 ML MoO,/Fe,0; (300 0 100 0
°C) XANES fit
3 ML MoO,/Fe,0; (400 14 86 7 % 1078
°C) XANES fit
3 ML MoO,/Fe,0; (400 28 75 0.03
°C) chi fit
3 ML MoO,/Fe,0; (500 32 68 1x10™*
°C) XANES fit
3 ML MoO,/Fe,0; (600 34 66 2 x107°
°C) XANES fit

The XANES spectra with associated linear combination fits can
be seen in Figure 6, with tabulated values of the phase

3ML MoO /Fe,0,

——600 °C Data

- - -LCF

| ——500 °C Data
-~ -LCF

Normalized absorption

T T T T T T T 1
19960 19980 20000 20020 20040 20060 20080 20100

Energy /eV

Figure 6. XANES linear combination fits of (a) 3 ML MoO,/Fe,0,
500 °C and (b) 600 °C using Fe,(MoO,); and 3 ML MoO,/Fe,0,
(120 °C) as standards.

composition shown in Table 2. The data generated from the
linear combination fits show that the spectra can be modeled to
a large degree of confidence using these reference spectra.

The data confirm that significant amounts of the tetrahedral
Fe,(Mo00Oy,); phase is formed at ~500 °C; however, it can also
been seen that a large amount (34%) of the MoO, phase,
similar in nature to the dried catalysts, remains, even after
annealing at 600 °C. The results show that the amorphous Mo
oxide is converted into two forms with annealing. A single layer
is left in the surface region, which covers the whole sample (see
reactivity data below), but it is also converted into a more
crystalline MoO; at ~400 °C. Upon annealing above this
temperature, the monolayer form remains, but the loss of
crystalline MoO; from the Raman and XANES spectra is
coupled with the formation of Fe,(MoO,);.

Reactivity. We have examined the reactivity of the 3 ML
samples for the oxidation of methanol by using reaction
measurements and TPD (temperature programmed desorp-
tion), and have compared them with the reactivity of standard
samples of Fe,O3, MoO;, and Fe,(MoO,);. Figure 7 shows the
TPD for the iron oxide, which yields predominantly CO, (m/e
44), hydrogen (m/e 2), and water (m/e 18) in a peak at ~290
°C, which is likely to be the result of formate decom-
position,”'*** together with a small amount of desorption of
methanol (m/e 31) at ~100 °C. Molybdenum oxide and iron
molybdate give only formaldehyde (m/e 30), with a peak at
around 180 °C, due to methoxy decomposition,®'® and the
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——Mass 2
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Sample Temperature / °C
Figure 7. TPD for Fe,O; demonstrating that the dominant products

are hydrogen (m/e 2) and carbon dioxide (m/e 44), water (m/e 18),
and methoxy (m/e 31 are also present).

TPD are similar for the two; hence, the TPD for iron
molybdate only is shown in Figure 8.

—— Mass 31
Mass 18
—— Mass 30

Mass Spec Response / Arbitrary Units

T T T T T T T 1
0 50 100 150 200 250 300 350 400

Sample Temperature / °C

Figure 8. TPD data for bulk Fe,(MoO,);. Here, the dominant
products are formaldehyde (m/e 30) and water (m/e 18).

The TPD from the 3 ML MoO, /Fe,O; sample yields mainly
formaldehyde with the absence of any CO, production (Figure
9). This is a key indicator that the surface comprises no

---= Mass 31
- - Mass 30
<+ -- Mass 28

Mass Spec Response / Arbitrary

T T T T T T 1
100 150 200 250 300 350 400

Sample Temperature / °C

Figure 9. TPD data for 3 ML MoO,/Fe,O; catalysts calcined to 300,
400, 500, and 600 °C. Note that the contributions the 28 signal from
methanol (m/e 31, peaking at ~120 °C) and formaldehyde (m/e 30,
peaking at ~170 °C) have been removed, leaving only that from CO
itself at ~200 °C (m/e 28).
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extended iron oxide, that the surface has been significantly
modified, and that it is largely composed of Mo species. There
is a difference from Mo alone, however, and from iron
molybdate because there is a significant amount of CO
desorbed (m/e 28), which indicates a mixed layer with both
Fe and Mo present. This assignment has been described before
for catalysts in which the bulk ratio of Fe and Mo has been
varied;'* however, there is evidence that there is some change
in the reactivity pattern with annealing temperature, with the
intensity of CO desorption diminishing relative to form-
aldehyde at increased annealing temperatures (clearly seen in
the peaks at ~170 °C from formaldehyde and at ~200 °C from
CO). Table 3 shows the selectivities for formaldehyde

Table 3. Data Derived from TPD Experiments

peak temp, °C

anneal temp, °C H,CO peak CO peak selectivity to H,CO
300 180 210 77
400 170 200 79
500 162 200 82
600 162 197 85

determined from the TPD data, together with the peak
temperatures. Note that Figure 9 shows the raw signals,
whereas the selectivities are calculated by taking into account
the different cracking patterns of formaldehyde and CO, which
contribute to the total integral. Because the only products seen
in TPD are formaldehyde and CO, selectivity is calculated as
H,CO/(H,CO + CO). It is clear that shifts in the peak
temperatures occur, especially noticeable after annealing at 500
and 600 °C. The formaldehyde peak appears to shift slightly
lower in temperature, from 180 to 162 °C, and the CO peak
moves from 210 to 200 °C. Table 3 shows the selectivity of the
two products for different annealing conditions, although we
must remember that this is a transient experiment, so selectivity
has a meaning somewhat different from that for the usual
steady state experiments.

Notwithstanding these peak shifts, there is little apparent
difference in activity of these samples, all giving 50% conversion
by ~175 °C (Figure 10) and with significant changes in the
overall selectivity to formaldehyde only occurring at high

—&—Methanol Conversion
—@— S DME Mass 46
—A— S FA Mass 30
—¥—S CO Mass 28
S CO2 Mass 44

100

80

60

40

20

Conversion and Selectivity / %

—eo—o

T T T T T T 1
50 100 150 200 250 300 350 400

Temperature / °C

Figure 10. Methanol oxidation reaction measurements over the 3 ML
sample annealed to 500 °C, showing the conversion of methanol and
the selectivity to the various products observed. Note that there is little
change in this profile for different anneal temperatures between 300
and 600 °C, but see Table 4.
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conversion (Table 4). The 300 °C sample has a lower
selectivity to formaldehyde at high temperatures, and produces

Table 4. The Effect of Annealing on the Selectivity of the 3
ML MoO,/Fe,0; Catalysts

selectivity to H,CO at

anneal conversion 50%; conversion 90%; conversion ~100%;
temp, °C T =175 °C T =225 °C T = 300 °C
300 85 80 10
500 89 92 S0

much more CO, in line with the effects in the TPD. If we make
comparison with the earlier data we obtained for bulk loading
variations of Mo in the iron oxide, it is apparent that these data
are between the results for bulk ratios of 1:1 and 1:1.5 Fe/
Mo."* These 3 ML samples also behave much better than those
for 6 ML reported in a recent publication,” in which the
maximum yield was ~55%. Here, the maximum yield is ~85%
at about 225 °C, which is similar to high bulk loading catalysts,
although the selectivity at high temperature is a lot lower with
much more CO production. The main differences from the
materials reported here are that the 6 ML samples were (i)
calcined in situ in 10% O,/He and (ii) calcined for only 40 min
at 400 °C. Here, calcination was done in air for 2 h. As Huang
et al. have shown, “spreading” of the MoO; phase over such
catalysts appears to be a relatively slow process and requires
temperatures over 400 °C for several hours.*

The XAFS generally supports the reactivity pattern described
above, showing that tetrahedral Mo, in the form of Fe,(MoO,);
is formed on a catalyst calcined to ~500 °C. This is also
supported by the Raman and infrared studies; however, it must
be noted that not all the Mo is incorporated into the
Fe,(Mo00O,); phase. Similar observations for reactivity were
made when making bulk catalysts with varying bulk loadings of
Mo."* Even at very low bulk loadings, the combustion
capability of Fe,O; was quickly eliminated;. however, in the
intermediate range of Mo loading less than 1:5 Mo/Fe ratio,
CO is seen as a major product in reactivity studies. This was
proposed to be due to the presence of isolated Fe sites at the
surface."* The reactivity and TPD seen here is similar to that
for a bulk ratio of >1:1 Mo/Fe ratio and <1.5 and further
implies that some Fe sites are present at the surface. However,
there is also significant Mo present there, and both the XAFS
and the remnant 980 and 820 cm™' bands in Raman indicate
the presence of octahedral Mo sites, which we propose to be at
the surface. Indeed, we also have shown that the fully selective
catalysts consist of a complete layer of molybdenum oxide at
the surface of ferric molybdate.'®**

As a result of all these measurements, we propose that the
evolution of surface structure is as shown in Figure 11. After
calcination at 300 °C, we have a surface that appears to contain
a layer of very well dispersed, amorphous Mo oxide on the iron
oxide, showing broad peaks in Raman and local coordination.
However, heating to 400 °C produces sharper bands in the
Raman, clearly as a result of the presence of crystalline MoO;,
and XAFS shows the presence of octahedral Mo, and it is likely
that these exist in the form of very small MoO; nanoparticles;
however, we failed to identify these in TEM, but they could be
very few in number relative to the iron oxide particles. Further
annealing to 500 °C reduces the amount of MoOj; forming
ferric molybdate, and this is confirmed by XAFS, which has a
significantly reduced octahedral component. However, as
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Figure 11. The evolution of the surface structure of the 3 ML catalyst
as a function of annealing. On the left, the surface consists of an
amorphous MoO, layer (2), supported on the Fe,O; core (1), which is
the structure at low temperatures. In the middle, we show the structure
at ~400 °C with both nanocrystallites of MoO, (4) at the surface of
the catalysts and the surface of MoO, present. Finally, in the right-
hand panel, we have the structure after annealing, in which the
nanoparticles of MoO; have mostly converted to ferric molybdate
(yellow layer S), but with the active monolayer overlaying it.

described above, the reactivity does not change so much with
these structural changes, and we believe that this is because of
the presence of a third, crucially important component of the
surface structure, which is, in fact, the dominant surface
component. This is the surface layer of a Mo-containing
material, which we propose is formed already by 300 °C and is
the main selective site for formaldehyde production. The extra
MoO; crystallites, which are present at 400 °C, essentially react
with Fe,O; when heated to 500 °C to make underlayers of
ferric molybdate, which are at the surface of the iron oxide but
which underlie the topmost surface layer. This topmost layer is
composed of some Fe with the Mo because we see CO in the
TPD, whereas pure Mo surfaces yield only formaldehyde.

B CONCLUSIONS

We have investigated the reactivity of a thin layer of Mo on
Fe,0; and have found that

(i) The Mo stays in the surface layers even after annealing to
600 °C.
(i) The Mo forms several phases, depending on annealing
temperature: namely, a MoO, layer with short-range
order only; a crystalline form of MoQO;; and subsurface
ferric molybdate, which is formed from the latter after
annealing above 400 °C.
Notwithstanding these changes, the reactivity of the
surface is largely unchanged by annealing between 300
and 600 °C, showing that the MoO, layer covers most of
the surface over the whole temperature range.
The conversion and selectivity of this material are close
to those of bulk iron molybdate catalysts, again
confirming that the active surface is a MoOj-like layer.
It is less selective because of the exposure of some Fe
sites at the surface.

(iii)

(iv)

B EXPERIMENTAL SECTION

Synthesis. A series of catalysts were prepared of MoO,/
Fe,0; by doping 3 ML equiv of Mo oxide onto the surface of
commercial Fe,0; (Sigma Aldrich, <50 nm particle size). Fe,0,
was first calcined at 500 °C for 3 h in preparation for its use as a
support. The desired amount of aqueous ammonium
heptamolybdate for 3 ML MoO,/Fe,O; was dosed onto the
surface of the Fe,O; by incipient wetness impregnation with
constant mixing. The samples were dried at 120 °C for 24 h
before being subjected to different annealing temperatures in
air for 2 h.
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Bulk phase reference samples were synthesized for
comparison with the 3 ML dosed materials. The bulk iron
molybdate catalyst with a Mo/Fe ratio of 1.5:1 was prepared
using a conventional coprecipitation method. For the
preparation, a solution of iron nitrate nonahydrate (Sigma
Aldrich, >98%) was added dropwise to a stirring solution of
ammonium heptamolybdate (Fluka Analytical, >99%) pre-
viously acidified to pH 2 with dilute HNO;. The resulting
mixture was heated to 90 °C for ~1 h until a yellow sludge
remained. This was left to air-dry overnight, after which it was
dried at 120 °C for 24 h, followed by calcination at 500 °C for
48 h.

Catalytic Testing. Reactor data were obtained by use of a
CATLAB reactor (Hiden Ltd, Warrington U.K.). For the
catalytic reaction, 1 L of liquid methanol was injected every 2
min into a flow of 10% O,/He, at a flow rate of 30 mL min™".
The products were determined by the online mass
spectrometer in the CATLAB system. Data such as those in
Figure 10 were obtained by applying a temperature ramp to the
reactor of 12 °C min~' during the measurements to derive the
temperature profile of the reactivity. The results of such pulsed
flow experiments are similar to those for steady state
experiments carried out in the same reactor in terms of
selectivity/conversion vs temperature profiles. For the TPD, ~6
injections of 1 uL methanol were dosed onto the catalyst at
ambient temperature in a flow of 30 mL min~" of He. This was
followed by ramping the temperature to 400 °C at a rate of 8
°C min~' while monitoring the products formed by mass
spectrometry.

Characterization. BET measurements were taken for the
commercial Fe,O; (~21 m* g') and 3 ML catalysts (~15 m*
g™"). The BET surface area was measured three times for each
sample under nitrogen physisorption at 77 K using a
Micromeretics Gemini surface area analyzer. Determination of
phase composition of the prepared catalysts utilized a range of
techniques, including vibrational spectroscopy. Raman meas-
urements were carried out using a Renishaw Raman microscope
with an 830 nm laser power over a wavenumber range of 100—
1200 cm™'. Typical measurements used a 0.1% laser power,
with four accumulations at 10 s exposure time for each. XRD
was performed on a Panalytical X’pert pro analyzer with Cu Ka
radiation. The IR data were recorded using a Thermo Scientific
Nicolet iS10 FT-IR spectrometer using an ATR accessory in
the range of 500—2500 cm™".

Catalyst morphology and homogeneity were examined by
both TEM and SEM. TEM was used to ensure samples were
prepared homogeneously. The catalysts were examined using a
JEOL JEM 2100 EM model and showed no obvious sign of
particle clustering or agglomeration at the surface. SEM EDX
analysis was carried out using a JEOL JSM- 6610LV model.

Mo k-edge XAFS studies were carried out on the B18
beamline at the Diamond Light Source, Didcot, UK.
Measurements were performed using a QEXAFS setup with a
fast-scanning Si(111) double crystal monochromator. The time
resolution of the spectra reported herein was $ min/spectrum
(kmax = 18). On average, three scans were acquired to improve
the signal-to-noise level of the data. All samples were diluted
with cellulose and pressed into pellets to optimize the effective
edge-step of the XAFS data and measured in transmission
mode using ion chamber detectors. All transmission XAFS
spectra were acquired concurrently with a Mo foil placed
between I, and L.
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XAS data processing and EXAFS analysis were performed
using IFEFFIT** with the Horae package®' (Athena and
Artemis). The amplitude reduction factor, s,°, was derived from
EXAFS data analysis of the known Mo reference compound,
MoO; (with known coordination numbers, which were fixed
during analysis), to be 0.82, which was used as a fixed input
parameter.
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