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Abstract. The properties of Mo-doped iron oxide are compared with those of the single oxides
of Fe and Mo, and with stoichiometric ferric molybdate for the selective oxidation of
methanol. Itis found that Mo oxide segregates to the surface of the iron oxide at low loadings,
while at higher loadings, but below the stoichiometric ratio, presents layers of ferric
molybdate at the surface. The relationship between bulk loading and surface Mo is explored,
and it is concluded that the reactivity is dominated by ensemble effects. Simple modelling
indicates that four or more Fe cation ensembles are required to combust methanol to CO,,
ensembles of two Mo cations are required for selective oxidation to formaldehyde, whereas

it seems that isolated single sites of either Fe or Mo produce CO.
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Introduction.

The selective oxidation of methanol to produce formaldehyde (around 24 mmt/pa in
2022)! is the biggest chemical use of methanol (111 mmt/annum in 2022)2. It is thus an
extremely important process and formaldehyde is used in a wide variety of products,
especially in furniture manufacture as urea-formaldehyde resins®. Considering the new
urgency for environmentally friendly ways of producing the chemicals that society needs to
function, there is the possibility to make methanol, and therefore formaldehyde, in new ways.
This can be by replacing environmentally damaging methane reforming to produce hydrogen
with renewable energy-produced hydrogen using electrolysis or other methods. A
demonstrator plant is being constructed in Sweden* following on from a methanol
demonstrator built next to a coal-fired power station in Germany using CO2 from that source®,
and a number of others are in development and construction®?,

One of the main catalytic routes to formaldehyde is by selective oxidation over iron
molybdate catalysts*>1913, and this material is the subject of this paper. We know much about
the role of this material in the catalysis, but we know relatively little about the distribution of
active sites, what the active surface is like at the atomic scale and the nature of those sites.
Several authors have tackled this problem, coming to the overall conclusions that two
adjacent Mo sites are required for the selective oxidation32° and that the presence of Fe sites
at the surface is detrimental to performance.

The activity of the industrial catalyst has been ascribed by many to Fe2(Mo04)3, but
there is a counter argument that MoO3 is not simply there to replenish any lost molybdena,
but it is also required for complete selectivity to formaldehyde?22, MoO3 is highly regarded
for its ability to improve the selectivity of this reaction, with Bowker et al.?? carrying out
studies to show a 100 % selectivity towards formaldehyde under TPD of MeOH/He. A study
by Séderhjelm et al.?® reinforces this idea that MoO3 is not simply there to replace lost Mo.
A synergistic effect between MoO3 and Fe2(Mo04)3 was proposed, implying that the active
phase may be Mo-rich, existing as an amorphous layer in octahedral co-ordination at the
surface. Each oxide plays was considered to play its own specific role. Specifically, MoO3 was
suggested to be there for the dissociation of molecular O2 to atomic oxygen, whilst
Fe2(Mo04)3 utilises this atomic oxygen to oxidise methanol to formaldehyde. It was

suggested that the promotion of one phase occurs at the junction of the two phases,
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modifying the electronic density of the catalytic active phase. This is in line with the remote

control theory?*, which was applied to catalysts with two oxide phases. Fe;(Mo0Qs)s enables

C-H activation, acting independently but with limited activity. MoOs; acts as the donor phase

and has a role in providing oxygen activation at a high rate, which spills over to the other

phase and accelerates the overall catalytic cycle.

Here we present data and analysis regarding the distribution of these active sites at

the surface by varying both the bulk loading of Mo oxide, and the surface loading into/onto

an iron oxide catalyst and show that the behaviour of single and multiple iron sites is quite

different from one another with the former producing CO, while the latter is the source of

methanol combustion. It is proposed that ensemble effects dominate the surface reactivity.

Results

1. Fe203, MoO3, Fez(Mo0O,)s.

The catalysts made are listed in table 1 below, with Mo:Fe ratio and molar fraction of cations.

Table 1. Mo:Fe ratios, molar fraction of cations and surface areas for the catalyst samples

used

Catalyst Sample Mo:Fe ratio | Mo Molar fraction Surface Area/m?g?
Fe203 0 0 17
Mo doped Fe203 0.02 0.02 33
Mo doped Fe203 0.05 0.05 66
Mo doped Fe203 0.2 0.17 55
Mo doped Fe203 0.5 0.33 40
Mo doped Fe203 1.0 0.50 16
Fe2(Mo0O4)3 1.5 0.60 8
Super-stoichimometric 1.6 0.62 6
Super-stoichimometric 1.9 0.66 4
Super-stoichimometric 2.2 0.69 7
MoO3 - 1.0 1
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1.1 Raman Spectra. Raman spectroscopy is a particularly useful tool for identifying which
phases are present in ferric molybdate catalysts. As figure 1 shows there are distinct bands
present in the pure phase of the materials. Ferric oxide has no significant bands above 600
cml, but a major band at 220 cm™. MoOs; and Fez(MoQa4)s are distinguishable mainly by the
difference in bands around 800 cm™ — 815 for MoO3; (Mo-O-Mo asymmetric) and 790 for
Fe2(MoOa4)s (Mo-O-Mo asymmetric). They can be further distinguished by bands just below

1000 cm™ region assigned to terminal asymmetric Mo=0 stretches.
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Figure 1. Raman spectra of the three stoichiometric catalysts

1.2 XRD. X-ray diffractograms for the fundamental materials are given in the supporting
information and figure S1. The phases detected are as expected for a-Fe>03, a-MoOz and a-
Fe2(Mo004)3.2>%’

1.3 Methanol TPD and oxidation. Methanol TPD is an extremely useful technique for
characterising these catalysts, since it is a rather direct probe of surface characteristics, being
adsorbed only on the very topmost layer of the material, and it is at the surface that the
catalysis with methanol takes place. Fig 2 shows the TPD data from the three fundamental
materials and this reveals that iron oxide has very different behaviour to the other two
materials, giving main products of combustion, CO,, H,0 and also H,. In contrast MoOs and
Fe2(Mo0as)s give only formaldehyde as a carbon product in TPD. In relation to what follows it

is important to note that, within experimental error, no CO is produced.
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Figure 2. TPD from (left) iron oxide, (middle) MoOs and (right) ferric molybdate.

If we then characterise these materials in an oxygen flow, the behaviour in TPD is

reflected in the reactivity patterns (figure 3). Iron oxide produces CO at low temperatures and

CO; at high temperatures, which also reflects its importance as a water gas shift catalyst in

ammonia synthesis processes for instance. Both Mo-containing catalysts are highly selective

to formaldehyde, though CO/CO; start to appear at high temperatures. Of these the most

active material is the iron molybdate, which has 50% conversion at ~ 230 °C, whereas it is 275

°C for both other materials. Note that that the MoOs has a much lower surface area than the

other two,
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Figure 3. Reaction data for (left) Fe20s, (middle) MoOs and (right) ferric molybdate.

2.

Varying the Fe:Mo ratio: Bulk Doping.

To understand something about the nature of the active site at the surface of the

catalyst, we have varied the stoichiometry of the catalysts, as described in the experimental

section, by varying the ratio of Mo and Fe precursors in the co-precipitation process. The

surface areas of these materials change significantly with the variation of Mo loading, as do

some features of the precipitation process, which are described in the experimental section
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above. As can be seen in figure 4 and table 1, at very low loading of Mo the surface area is
much higher than the precipitated iron oxide, which is 17 m?g?. The area of the mixed
catalysts maximises at 66 m2g! at a mol fraction of 0.05 (atomic ratio 0.05) and diminishes
again after that down to 6.5 for the stoichiometric ratio of Fe2(Mo0Oa)s (mol fraction 0.6) and
to ~ 1 m2g? for the commercial MoOs. The very high areas seem to be related to the gel
formation mentioned in the experimental section. Note that in the methanol experiments
reported below, methanol was dosed in pulses to saturation before TPD, and figure 4 shows
that the trend of methanol uptake from such measurements follows the surface area
variations very closely. That is, there is a linear correlation between surface area and
methanol uptake, independent of the Fe:Mo ratio. Thus, methanol uptake at ambient

temperature is a good way to measure oxide surface areas.
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Figure 4. BET surface areas of the various catalysts made by ratio variations of Mo oxide in
iron oxide compared with the uptake of methanol at 25 °C, showing that methanol uptake

may be an alternative method to measure the surface area of such catalysts.

From the results presented above for iron and molybdenum oxides, and ferric
molybdate, we can imagine that at low Mo levels the performance, in terms of selective
oxidation, would be poor, while at high loadings it would be good, but how does it vary at
intermediate doping levels? Figs. 5 and 6 show the effect in TPD and reaction measurements

respectively.
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In fig 5 we can see a continuous change in the behaviour, but most noticeably perhaps

is that at intermediate levels of Mo oxide, when the catalyst becomes very selective towards

CO production. At a Mo:Fe ratio of 0.02 the behaviour looks essentially like that of haematite

in fig 2, except for the formation of a small amount of CO at a temperature a little below that

of CO2 evolution. As the Mo loading increases so this CO desorption increases and shifts to

lower temperature but then diminishes again at higher loadings. Formaldehyde begins to be

seen at a ratio of 0.05, and increases with Mo loading, but always evolves at ~ 190 °C. The

other main difference is the loss of hydrogen as Mo increases until none is seen at high

loadings.
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Figure 5. TPD from the various catalysts with varying Mo:Fe ratio, note that 1.6 ratio is

omitted — it was essentially the same as for 1.9.

If we turn to the reactor results in an oxygen flow, these are shown in figure 6. Here

the results in aerobic conditions are different, but parallel those in the TPD. At 0.02 ratio the

material behaves very like haematite in figure 2, except that there is now some yield of
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formaldehyde at low conversion/low temperature. This yield increases significantly with
increasing Mo content. There is a very high yield and selectivity to CO in the intermediate
loadings of Mo oxide, which then diminishes again at higher loading until formaldehyde is by
far the dominant product at the super-stoichiometric Mo:Fe ratio of 1.9 (1.5 being
stoichiometric for Fe;(MoQ4)s). We note that Soares et al consider that ferric molybdate is
very active, but that additional molybdenum oxide is needed for high selectivity 2. Beale et
al found that ferric molybdate is produced after calcination to 400°C from a mixed material

made by hydrothermal methods?°.

1004 0'02 — > 4100 1004 100 00 0.2 _ o— 4100

90+ %0 %0 nid 204 e q90
32 80 —_— 50 \O 3 7 1980 3R / _ -sa\°
}70— —m& iw— —mh i?m - /._‘\-\'\. Amo\
L ./_<\' COZ 60 g = 50 -mg ! \\-sa g
2 . : 0 "t 2 9 12'% 2 @ %
'.5 w0t S 40 a t;m- _wg t; 0 Jao a
2 30 \ CO 0 D w0 102 @ =y {30 E
10] \\‘ngg 0 Q 0] ol X0 Q ] \\'--\. 10 Q

R R AL IR R EA RS R A na e s e SRS P s s e e e s e s
’ T80 200 220 240 260 280 300 320 340 360 ’ ’ 160 180 200 220 240 260 280 300 320 340 360 ’ ’ 160 180 200 20 200 260 230 300 320 M0 360 ’
Temperature/oC Temperature/oC Temperature/oC

100 4 100 00 1.9 /.77.7\\ o 100

9] 90 ot " ‘ %0
§eu- ao§ § § § 80 ' .\.77.\ ené°
3::’ ;Z g 3 c 3 70 .\ 70 c

1 1 — oo 60 60
; 50 500 > 5 '9 ,2 50 b 50 g
O 0 4490 @ 15} Q O ~{v @
D] Jo 2 K 2 9] 0 2
] S o € o . <
2] . -208 n 8 W) 2 - 208

104 ——, 410 ] 104 Dvn /'/. 10

B S S s SO B LR e i a1 oI i o

160 180 200 220 240 260 280 300 320 340 360 160 180 200 220 240 260 280 300 320 340 360 160 180 200 220 240 260 280 300 320 340 360
Temperature/oC Temperature/oC Temperature/oC

Figure 6. Selectivity and conversion dependence on temperature of reaction for the various
catalysts with varying Mo:Fe ratio, note that 1.6 ratio is omitted — it was essentially the same

as for 1.9.

In XRD (supporting figures S2 and S3) there is a continuous decrease in Fe;03
diffraction features and increase of those from ferric molybdate in the sub-stoichiometric
range of Mo doping, with the two phases of iron oxide and iron molybdate apparently co-
existing. At the stoichiometric ratio of 1.5 only the ferric molybdate is seen, but above 1.6
ratio then features of MoQs also appear, particularly seen by the Bragg peak at 12°, evidence
of the formation of crystallites of MoOs. X-ray photoelectron (XP) spectra are shown in
supporting information figures S4 and S5 and show the presence of Mo®* and Fe3* states only.

The XPS is discussed in more detail below. Raman spectra are shown in supporting
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information, figures S6 and S7, and clearly show the presence of ferric molybdate at loadings

of 0.2 and above, while there evidence of MoOs at ratios of 1.6 and higher.

3. Varying the Fe:Mo ratio: surface doping. To compare with the bulk doping method,
we also doped Mo onto the surface of the catalysts by impregnation, as described in the
experimental section. The results are shown for three different levels of doping in figure 7.
With 0.24 monolayers equivalent doping there was no evident formaldehyde desorption, but
there was CO evolution at around 270 °C, with CO; at 300 °C, and hydrogen in between those.
If we compare this with the bulk doping data it looks similar to that in figure 2 for somewhere
between 0.02 and 0.05 doping. At a nominal surface doping of 0.6 monolayers, then we have
nearly lost the CO, and hydrogen, the CO has increased and shifted to ~ 200 °C, though the
peak has a long tail to higher temperatures, and formaldehyde has appeared at ~ 170 °C. This
looks similar to the bulk doping result at the 0.2-0.5 level. Finally, for 2.4 monolayers
equivalent, the spectrum is not so different, except with more formaldehyde and a better
defined, narrower, CO peak, with little tailing to high temperature, and there is no CO; or H;
production. Note that an even higher doping level (7.2 monolayers) was very similar to the

2.4 monolayer result.
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Figure 7. TPD after dosing methanol at ambient temperature on monolayer dosed Fe,Os: left

0.24, middle 0.6 and right 2.4 monolayers equivalent of Mo.

If we now turn to the reactor results (figure 8), 0.24 the monolayer sample shows
results similar to those for 0.02-0.05 bulk doping, that is high CO evolution at intermediate
temperatures with CO, dominating at the highest temperature. As the surface doping goes

up, so formaldehyde production increases at the expense of CO and CO,, but CO dominates

This article is protected by copyright. All rights reserved.
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at the highest temperatures. At 7.2 monolayers the result is little different from that at 2.4.

This is similar to the findings for the bulk doping level of 1.0. The 50% conversion level drops

from ~ 220 °C at 0.24 monolayers to ~ 190 °C at 2.4 monolayers. This change is similar to the

changes seen for bulk doping from the 0.02 to 0.2 level.

So, it seems that we have behaviour for the monolayer materials which is like that for

bulk doping, but it never reaches quite the same level of high formaldehyde selectivity across

the temperature range that it does for bulk doping when the latter is at/above the

stoichiometric level for Fe;(Mo0Qs)s.

In XRD it was very difficult to see any bands due to ferric molybdate because of the

low amount of Mo dosed, which presumably results in a thin/famorphous layer of material.

However, Raman bands for ferric molybdate can be seen for a 3 monolayer sample after

calcination.®2% XP spectra show all samples to be in the +3 oxidation state for Fe and +6 for

Mo, examples are given in the supporting information, figs S8 and S9.
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Figure 8. Reactivity profiles for the surface doped materials with 0.24, 0.6 and 2.4 monolayers

of Mo dosed onto the surface.

Discussion.

1. The surface of the catalysts.

It is quite clear from the data that even relatively small amounts of Mo, certainly by

0.05 Mo:Fe ratio and by 0.24 monolayer surface doping of Fe;0s, that there is already a

significant effect on the reactivity pattern, with CO and formaldehyde beginning to appear in

the reactivity profile. Table 2 gives estimates of what the Mo coverage on the surface would

be for the cases where it is present as layers of stoichiometric Fe2(Mo0Qa)s, further description

of these estimates is given in the supporting information. Note that in XPS all the catalysts

made have Mo in the +6 and Fe in the +3 oxidation states (see supporting information and

figs S4,5 and 8,9). Table 3 shows data for the Mo level in the surface region estimated from

This article is protected by copyright. All rights reserved.
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XPS analysis of these catalysts. The surface region is not the surface layer itself since the
escape depth (or inelastic mean free path, IMFP) indicates that a number of surface layers are
probed (IMFPs for Mo and Fe oxides are not so different at ~2 nm, see supporting
information). We have estimated the number layers of MoOs or layers of Fe;(MoQas)s,
assuming they are located at the surface only. We can immediately eliminate the former,
since in that case, at high levels of doping i) we would see very little Fe signal in XPS (which,
as shown below in Table 3, is not the case) and ii) the TPD (figure 5) and reactor results (figure
6) would be like MoOs and they are not, since CO is still seen. It is evident from table 3 that
there is much more Mo oxide in the surface region than expected for the dosed ratio, since
the XPS ratio found is much higher than the bulk ratio up to ~ 0.5 Mo:Fe ratio.. It is around
three to four times that which might be expected for a randomised level of Mo at the bulk
ratio for the lowest two amounts of Mo. This enhanced ratio can be seen up to around 0.2,
but by a ratio of 0.5 the XPS indicates ratios similar to that in the bulk, and the stoichiometric
ratio material shows that ratio in XPS. What can be seen from table 2 is that by 1.0 doping we
may expect little change in the XPS signal with further Mo addition up to the stoichiometric
ratio, since those layers already significantly thicker than the IMFP and are probably iron
molybdate-like. There is some discrepancy at those ratios (0.5 and 1) from what we can
expect from the model in table 2. The exact reason from this may be that the iron molybdate
layers below the topmost layer(s) have a higher level of Fe than from the simple model of
table 1. Maybe the distribution is not a step function between stoichiometric ferric molybdate
and iron oxide, but that there is more of a gradual variation of Mo level from the high level at
the surface to the zero level for pure iron oxide. Nevertheless, at low loadings there is

significant segregation of Mo oxide to the surface region.

Table 2. Estimates of surface coverage of the catalysts by Mo if segregation as ferric

molybdate is assumed complete.

Catalyst Surface Average Approximate | Approximate Surface

Mo:Fe ratio | Area/m2g?! | Particle Number Mo monolayers
radius/nm* | of Layers as Fez(MoO0a4);

Fe203 0.00 17 33 100 0

Mo:Fe 0.02 33 16 48 0.5
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Mo:Fe 0.05 66 8 24 0.8

Mo:Fe 0.20 55 10 30 4.0

Mo:Fe 0.5 40 13 39 12

Mo:Fe 1.0 16 35 106 70

Mo:Fe 1.5 8 66 200 200

Mo:Fe 2.2 7 75 227 excess Mo

Mo:Fe 4.0 4 150 450 excess Mo

*calculated from the specific surface area SA/W as r= 3/pSA, where ris in m, p is in g/m3

and Wising.

There is still a significant Fe signal at high loadings and at a ratio of 1.5 has values close
to that expected for the stoichiometric material (table 3); at higher loadings it increases a
little probably due to the presence of MoOs in the surface of the catalyst. The evidence for its
presence at above a ratio of 1.5 is given in the supporting information (figure S7, seen in
Raman by the appearance of the 290, 660, 820 and 998 cm™ bands typical of MoOs and

likewise the diffraction features in XRD at 12, 27 and 38° 1° (figure S3, at 2.2 ratio).

Table 3. XPS results for the various catalysts, with the determined surface mol fraction of Mo:

the final column shows that expected for Mo if segregated to the surface as iron molybdate.

Catalyst composition | XPS ratio Expected ratio
from table 2

Fe203 0.00 0.0
Mo:Fe 0.02 0.09 0.07
Mo:Fe 0.05 0.15 0.11
Mo:Fe 0.2 0.44 0.53
Mo:Fe 0.5 0.55 0.93
Mo:Fe 1.0 1.01 1.5
Mo:Fe 1.5 1.55 1.5
Mo:Fe 2.2 2.2 *
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*the expected ratio is uncertain since there is now extra MoOs at the surface, both as

monolayers(s) and nanoparticles above that expected for the stoichiometric ratio

2. The active sites. If we consider a simple model of how the surface behaves, we can
imagine the surface lattice as in figure 9. What we know from the above data is that Mo has
a drastic effect on the behaviour of the iron oxide even at low loadings, when we would
imagine that there are isolated sites of Mo on the surface (figure 9, left hand). We also know
that at these loadings the main new effect is to produce CO. As we go to intermediate loadings
of Mo oxide, such as might be the case in the middle diagram of figure 9, then CO is maximised
and there is now very little CO,, but there is significant formaldehyde production, and finally
in the situation of the right-hand side of fig 9 there is high selectivity to formaldehyde. From
those results we can infer the following:

i) isolated Mo sites produce CO (isolated sites of Fe probably also Mo);

ii) ensembles of Fe are required to produce CO; (since this product dramatically
falls even at low loadings of Mo)

iii) two or more Mo oxide sites are required for formaldehyde production, as

already proposed by several authors,**2° and hence why it is maximised at high loadings.

|

Figure 9. Schematic diagram of randomised site distribution with Fe as red sites and Mo as
yellow. The left hand diagram is for a surface dilute in Mo, with the centre diagram at roughly

50% coverage with Mo, while the right hand represent a surface mostly covered in Mo sites.

The distribution of such sites can be described in a simple manner, with a randomised
distribution of sites, by the following binomial relationship. We can then test how well such a

model fits the data —

13
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Dual surface site occupation by Fe Fe-Fe = Nge?
Dual surface site occupation by Mo Mo-Mo = Nmo?
Single surface isolated site occupation by Fe or Mo FeMo = 1-(Fe-Fe)-(Mo-Mo)

where, Nee is the fractional the number of Fe sites, Nmo is the Mo sites and Nge + Nmo = 1. This
then has the form shown in figure 10, which shows a symmetric distribution of sites as the
Mo coverage increases. If we now examine how the real system behaves, we show the data
in figure 11, and this seems to show broadly similar features. That is, CO, diminishes fast at
low loadings of Mo, formaldehyde increases at high loadings and in between these CO shows
a maximum of production. This production is very high at intermediate loadings. Of course,
the bulk loading is not the surface loading, but as we’ve seen from the XPS above, there is
certainly segregation of Mo oxide to the surface region of the catalysts, especially enhanced
(in terms of increased amount with respect to that expected from the loading level) at ratios
up to ~ 0.2. To try to correlate bulk loadings with surface Mo, the surface doping values have
been placed onto figure 11 at the points where the selectivity agrees reasonably well with the
bulk loading results. As can be seen from the figure 0.24 monolayers of Mo dosed at the
surface corresponds with around 0.03 bulk Mo:Fe ratio, while 0.6 monolayers is equivalent
to 0.7 and 2.4 monolayers approximates to 1.2 ratio. So, it is clear that there is an initial
significant segregation of Mo oxide into the surface layer(s) of the material, which especially
affects the amount of CO, produced, but that as the loading goes up the effect, though still
there, is reduced. As stated above 7.2 monolayers dosed is little different from 2.4
monolayers. So, by that method of dosing we never get to the very high selectivity achieved

by bulk dosing to high Mo levels and by industrial catalysts.

14
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Figure 11. Product selectivity from TPD dependence on Mo:Fe ratio from the experiments
described above (circles). The data for selectivity from the monolayer (ML) dosing TPD
experiments (squares) are placed on this plot where the selectivities for the surface and bulk
loadings agree to give an idea of the surface Mo level for the similar selectivity bulk loading.

For surface doping data: pink squares, CO>; pale blue CO; pale green H,CO.

All of this indicates that, although there is considerable preferential segregation of Mo
oxide into the surface region of the Fe, the surface is not completely stoichiometric. Indeed,
even at 7.2 monolayers dosed, the behaviour is very similar to that for 2.4 monolayers. This
implies that we never reach the very high selectivity of the stoichiometric material,
Fe2(Mo0as)s (as in figures 5 and 6), by the surface doping method, and that there are isolated
sites left of the type which produce CO. It is probably because the surface is ferric molybdate-
like, with roughly 40% of the sites being Fe3*, so with a selectivity not far from that suggested
by figure 10. In fact, we and others proposed earlier!”1%30 that there is extra Mo at the surface
of the selective ferric molybdate catalyst and that this is by far the most selective material. It
is likely to be a monolayer on top of the ferric molybdate’ and it is to be noted that industrial
catalysts have extra Mo above the stoichiometric material, often as high as 2.2:1 Mo:Fe ratio.
The role of this extra Mo is also to maintain the surface MoOx layer intact, due to loss of Mo
which occurs during catalyst life onstream.31-33

The data in figure 11 were from TPD under anaerobic conditions (He flow). If we now
turn to the data under oxygen flow conditions, in figure 12 we show the effects of varying the
ratio on the products in the catalytic reaction in oxygen. Again, the results are broadly similar
to those from TPD, that is, there is a big effect of low loadings of Mo on selectivity to CO; and
CO is the main product of the reaction. At intermediate ratios, formaldehyde starts to
dominate, at the expense of CO and finally with high Mo levels, the catalyst has 96%
selectivity to formaldehyde at 50% conversion. Again, on the figure we have tried to equate
the results for the surface loading by placing them at points of the same selectivity for
formaldehyde and these then also agree well with the selectivity of the other two products.
The behaviour implies that 0.24 monolayers surface doping is equivalent to around 0.05 mol
fraction bulk doping and 0.6 monolayers surface doping is equivalent to about 0.2. This
further implies that low bulk loadings of Mo oxide tend to segregate to the surface region.

However, loadings of more than a monolayer equivalent of Mo do not correspond with the

16
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very high selectivity levels that might be expected if it were solely Mo at the surface in figure
10, presumably because the surface is ferric molybdate-like, with Fe present in the surface

layers, and not a complete layer of Mo at the surface.

1 I \
‘ —@— CO2 react /‘
—@— CO react -
—@— Form react _—

Selectivity at 50% conversion

05 1 1.5
Ratio Mo:Fe

Figure 12. The dependence of selectivity, measured at 50% conversion upon the mol fraction
of Mo. The numbers from the surface doping of Mo are placed on the figure to indicate where

the results agree with the bulk doping values.

Comparing the results from the two methods, anaerobic TPD and aerobic reactor data,
although conducted under such different conditions, the two sets show the same general
trends with the dramatic effects on CO; selectivity at low Mo, high formaldehyde selectivity

at high Mo, and maxima in CO selectivity at a similar value, ~ 0.75 or 75%.

What is clear from both surface analysis and reaction results, is that Mo in the surface

region has, as might be expected, dramatic effects on reactivity, knocking out CO; production

17
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at low surface levels, and producing formaldehyde at high surface levels. Hence Fe is the
source of CO; and Mo the source of formaldehyde, but intermediate Mo oxide coverage
behaviour is very different, producing CO also, with very high selectivity to this product at
0.24-0.6 monolayers dosed onto the surface. The behaviour is broadly similar to that
described by the simple ensemble theory in figures 9 and 10, except that the effect on CO; is
especially marked in both cases, with little production at even 0.2 ratio. The effect in the
reactor in the presence of oxygen is more severe on CO; production than it is in TPD, and
although the peak selectivity of CO is similar, it is skewed to much lower loadings for the
reactor data. Direct comparison of the latter is difficult since i) only 50% conversion data was
chosen for comparison and ii) the temperature for 50% conversion varies, as can be seen in
figure 6. Nonetheless table 4 shows the comparison of the points in figure 11 where the
selectivity values for surface and bulk doping agree, and again these show that at low loadings
there is preferential segregation of Mo oxide®*3*. Note that after 0.6 monolayers surface
doping there not much change in the TPD, implying that the surface monolayer of ferric
molybdate is near complete, as might be expected from that amount, the stoichiometric ratio.
In turn this implies that the Mo stays in the surface layers when dosed there, even at low

levels.

Table 4. Comparison of bulk doping with surface doping at points in figure 11 where catalytic

performance is similar and with table 3 for approximate XPS ratio at that point.

Surface doping Bulk sample | XPS Mo:Fe ratio | XPS Mo:Fe ratio
level/monolayers | ratio Mo:Fe | for surface doping | for bulk doping
0 0 0 0
0.24 0.03 0.15 ~0.11
0.60 0.7 0.48 ~1

The effect of Mo at the surface upon CO2 production seems greater than might be

expected from figure 10. The oxygen demand for the combustion requires three times as
much oxygen as does the selective reaction, so it may be that a bigger ensemble of Fe-O sites

is required. If instead of modelling dual sites of Fe, we model a higher number then the result

18
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is shown in figure 13. If we imagine that for every O atom removed, we need two Fe atoms

to be converted to Fe?*, then six would need to be converted in burning one methanol

molecule. As can be seen in figure 13, the effect of increasing the ensemble size is i) to shift

the maximum in single sites to lower Mo coverage, ii) to increase the fraction of single sites

at the peak and iii) to reduce the number of active ensembles of Fe to lower Mo loadings than

in figure 10. In fact, it is remarkable that the maximum fraction of single sites we observe in

figure 11 is about the right value for a requirement for the use of three oxygen atoms (an

ensemble of six Fe ions), and at a molybdenum coverage between 0.3-0.4, and from table 2

and figure 11, at a bulk ratio of ~0.2.
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Figure 13. As for figure 10, but here considering that quadruplet and octuplet Fe site

ensembles are required for combustion of methanol.
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It is interesting that the surface loading process does not achieve very high selectivity
to formaldehyde. This is a reflection of the fact that such a method produces near-
stoichiometric surface layers of Fe2(Mo0as)3 and the selectivity of that material is ~ 70% (figure
11, 2.4 monolayers dosed) because the surface is not covered with Mo, but has ~ 40% of the
cations as Fe. Regarding figure 13 it corresponds with rather a higher coverage point of 0.8
monolayers of Mo. Very high selectivity near 100% is only achieved if the surface is completely
covered by Mo, which only occurs by making the catalyst with Mo:Fe ratios ~>1.5.

A schematic model summarising this behaviour is as shown in figure 14, with iron-rich
regions combusting methanol, molybdenum-rich regions carrying out the selective reaction
to formaldehyde, and mixed regions producing mainly CO. The nature of the materials that
have been produced by surface and bulk doping methods is illustrated in figure 15. Here, with
surface doping, figure 15a, the Mo oxide remains segregated mostly in the surface region,
and once multi-monolayer levels have been dosed, ferric molybdate is formed in the surface
region, which is selective, but not as selective as the industrial type of catalyst. Figure 15b
shows the effect of doping the bulk of mainly iron oxide-based catalysts by coprecipitation
with molybdenum. Here again there is movement of Mo oxide to the surface, so that at low
levels of doping, even as low as 0.05 Mo:Fe ratio, there is a dramatic effect on selectivity
(figures 11 and 12). Again, higher levels approach an iron molybdate-like surface layer, with
good selectivity to formaldehyde, but not as good as for the material in figure 15c. Here the
bulk has been saturated with the stoichiometric amount of Mo to make ferric molybdate,
Fe2(Mo0as)s, and extra Mo coats the surface in a layer without any iron present; this is the
nature of the industrial type of catalyst with very high selectivity to formaldehyde. The latter
usually has a lot of extra Mo, often having super-stoichiometric levels of Mo well above that
needed for ferric molybdate, which has bulk-like MoOs present in the form of nanoparticles,
here shown covering parts of the surface, in a Stranski-Krastanov-like growth mode. This is
needed to compensate for loss of Mo through volatilisation during running3!34, We note that
this model of figure 15 has similarities with that proposed by Huang et al'® for materials
produced by a very different method, that is, by mechanical grinding of iron oxide and
molybdenum oxide. There they find “thermal spreading” of the molybdenum oxide over the
iron oxide, and the exact nature of the surface layers formed then depend on the calcination
temperature. At our temperature of calcination (500°C) they find a maximum in Mo in the

surface region.
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We might ask ourselves why Fe is used at all in such materials, since it’s presence at
the surface results in low selectivity to formaldehyde. There are probably a number of reasons
for this, including that it is a cheap, earth-abundant material and that it appears to provide a
good support base for the molybdenum oxide over layer and that it provides for a higher
surface area form of MoQs. Others have suggested that there could be better catalysts. For
instance, Thrane et al®®> consider that apatite may be a more stable and active support
medium for molybdenum oxide, and Bowker et al*® report that higher area, more active

materials may be produced by Al doping in the bulk of the catalyst.

Figure 13. As for figure 10, but here considering that quadruplet and octuplet Fe site

ensembles are required for combustion of methanol.

CH,OH - €O, || CH,0H > cO ||| CH,0H > H,CO

Figure 14. A schematic illustration of the roles of different sites in giving different products
from methanol oxidation. On the left of the figure pure Fe site ensembles combust methanol,
while on the right pure Mo site ensembles selectively oxidise methanol to formaldehyde. In

the middle region there are many isolated sites of Fe and Mo which produce CO.
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Fe,(MoO,);

Figure 15. A schematic illustration of the effects of Mo doping into/onto iron oxide. a) Surface
doping creates Mo-rich layers, which increase from low doping as individual sites of Mo at
the surface to higher levels and eventually, above 0.6 monolayers ferric molybdate-like layers
localised in the surface region. b) bulk doping results in Mo oxide segregation to the surface
region and formation of ferric molydate-like surface layers over the iron oxide core. It is likely
that there is a gradation from the surface layer of high Mo concentration to low in the core
iron oxide. c) eventually if bulk doping continues to the stoichiometric ferric molybdate
material and higher Mo levels, a molybdenum oxide layer forms at the surface and super-

stoichiometric ratios also have extra molybdenum oxide particles.

Experimental

The catalysts were made in the following way. Catalysts with varying bulk ratios of
molybdenum to iron were created using the method of co-precipitation, followed by
evaporation to dryness. The desired amount of ammonium heptamolybdate
((NHg4)6Mo07024.4H20, BDH, 99 %) was dissolved in 100 ml deionised water before being

acidified to ~pH 2 using nitric acid (HNO3, Fisher, Laboratory Grade). To this a solution of iron
nitrate (Fe(NO3)3.9H,0, BDH, 98 %, 6.83 g in 50 ml) was added dropwise with stirring at 60
°C. A precipitate was formed, which was evaporated to near dryness at 90 °C. The resulting
solids were dried at 120 °C overnight before being calcined to 500 °C for 48 hours. The
addition of the iron nitrate initially lead to the precipitation of a canary yellow precipitate,
but with ratios lower than 1.5:1 Mo:Fe, this precipitate dissolved, before a dark brown gel

was formed in the bottom of the crucible while the water was evaporated. Evaporation was
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carried out to near dryness at 90 °C. The resulting solids were dried at 120 °C overnight before

being calcined to 500 °C for 48 hours.

In addition to catalysts with varying bulk ratios, catalysts with molybdenum dosed
onto the surface of iron oxide were also created. In calculating the loading to add, it was

019 2

assumed that a surface of Fe203 contains 1 surface sites m <, with a total of 5/12 of these

being metal cations since it was thought a Fe2(Mo0O4)3 layer may form. This corresponds

reasonably well with the value previously reported for MoO3 spreading on Fe203, which

showed ~70 % coverage at ~6 nm™2 (i.e. complete coverage as ferric molybdate would

18
correspond to about 4 x 1018 surface cations m'z) . The sample of Fe203 used for this was

created in house by the dropwise addition of 50 mliron nitrate (Fe(NO3)3.9H20, BDH, >98 %)

solution, to a dilute solution of 100 ml nitric acid (~pH 2, HNO3, Fisher, Laboratory Grade)
with stirring at 60 °C. Water was then evaporated from the sample at 90 °C, before overnight
drying at 120 °C and calcination at 500 °C for 48 hours. The monolayer catalysts were then
made by the incipient wetness method of impregnation onto a synthesised Fe203 with a

surface area of 11.8 m?2 g'l. The appropriate amount of ammonium heptamolybdate for the

Mo surface loading, calculated as above, was made into an aqueous solution and added to
iron oxide until the pores of the support were full. The material was then dried overnight at

120 °C. Calcination of the material was carried in-situ in 10 % O2/He gas flow after loading to

the reactor at 400 °C for 30 minutes. Catalysts were made with nominally 24, 60, 240 and 720
% ML (0.28, 0.70, 2.8 and 8.5 w/t %) of MoO3

The experiments were carried out using a pulsed flow microreactor. That instrument
can carry out temperature programmed desorption (TPD) in a He flow after dosing the
adsorbate (in this case methanol). It can also be run in either continuous flow mode or
pulsed flow mode, as used in this work, with a variety of gases flowing, but in this case with
pulses of methanol into a continuous flow of 10%0,/He. Surface areas were measured by
the BET method with a Micromeretics Gemini 2360 instrument. The XRD spectra were
obtained using a Enraf Nonus FR590 fitted with a hemispherical analyser. The conditions

employed were Cu Ka radiation with a voltage of 40 kV and a current of 30 mA.
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XPS measurements were made with a Kratos AXIS (DLD) fitted with a monochromated
Al Ka radiation source and a refocusing lens to give high resolution XPS. The survey scans were
acquired with a pass energy of 160 eV in a single sweep with a step of 0.5 eV. Region scans
were acquired with a pass energy of 40 eV, in 5 to 10 sweeps in steps of 0.1 eV. Raman
spectroscopy utilised a Renishaw Ramascope, which was operated by placing a small amount
of sample (~0.1 g) on an aluminium slide and a laser to focus on the sample using a camera
linked to the controlling computer. The spectra were then be recorded using the green argon

ion laser (514 nm), with an output of less than 30 mW.

Supporting Information. Further information regarding XRD, XPS and Raman data is given in

the supporting information together with additional references3’-°,
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Methanol oxidation on the surface of iron oxide (red), giving combustion to CO,, on
molybdenum oxide (blue) producing formaldehyde selectively, and on the mixed Mo-Fe

surface yielding partial oxidation to CO.
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